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ABSTRACT 

This report presents the results of a program to analytloally Investigate the ability to 
produce a low-cost expendable tankage system for an advanced staging vehicle, FDL-6, 
concept using state-of-the-art materials, design concepts, and fabrication techniques. 
Early in the program, concurrent vehicle studies showed that increasing the expendable 
tankage system Inert weight outside of certain limits was an extremely penalising fac- 
tor uh the overall vehicle performance and resulted in the AFFDL specifying a lower 
limit of 0.94 on the mass fraction of the expendable tankage system.   Preliminary 
investigations showed this weight restriction would limit the study to the use of aero- 
space design criteria, high strength materials, and efficient structural concepts with 
only a smail amount of surplus weight to pursue low cost approaches.   The study was 
redirected to obtain a sound baseline for mass fraction determination, while at the same 
time studying low-cost considerations.   The design criteria chosen for this program 
was that specified by NASA for the man-rated Saturn V vehicles.   Point designs studies 
were performed on each component of the tankage system for a wide range of structural 
material/construction combinations using a multi-station structural synthesis com- 
puter program.   The associated cost of these components were determined by an em- 
pirical costing method, developed as a subroutine of the synthesis program.  The 
aluminum alloys were shown U> provide clear superiority in cost effectiveness.  Insu- 
lation materials and concepts were reviewed and evaluated.  An overall tankage system 
tradeoff study was performed interrelating structure and pressurization system weight 
with tank pressure, insulation weight and effectiveness as a product of its thickness, 
and three pi  ,>ellant feed approaches in conjunction with these parameters and propel- 
lant stratification modeh to determine unusable propellent quantities.   The results of 
this study provided optimum tank pressure scheduling and Insulation thickness for each 
of the propellant feed system approaches, and the associated pressurization system 
requirements.   Final selection was made on the basis of a system prcyidlng the maxi- 
mum cost effectiveness.   Preliminary designs were established for all items of the 
tankage system on the basis of the point designs and the results of the tradeoff study. 
Costing of the preliminary designs was accomplished by use of a detailed estimating 
method, also the influence production quantities of 50, 100, 150, and 200 had on the 
unit price was determined.   Parametric weight and cost data was developed, both the 
LOX and LH2 tanks, for nine structural material/construction combinations over a 
tank operating pressure range from 20 to 50 psia. 

This abstract Is subject to special export controls and each transmlttal to foreign gov- 
ernments or foreign nationals may be made only with prior approval of the Air Force 
Flight Dynamics Laboratory (FDTS), Wright-Patterson AFB, Ohio  45433. 
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1 

INTRODUCTION 

i objective of this program was to perform an analytical investigation to 
termlne the ability to produce a minimum-cost expendable tankage system for an 

ivanced staging launch vehicle concept using state-of-the-art materials, design con- 
epts, and fabrication techniques.   The advanced staging launch vehicle concept oon- 
ilsts of a vee-shape expendable tankage system that embraces both sides of a recover- 
able core stage spacecraft.   The major emphasis was to have been placed on low-cost 
tankage concepts typified by those developed by the application of (he ASME Boiler and 
Pressure Code and those generated by a suitable compromise between the code and 
minimum cost aerospace techniques.   However, concurrent vehicle studies showed that 
Increasing the Inert weight fraction of the tankage system outside of certain limits was 
an extremely penalizing factor on the overall vehicle system performance.   The AFFDL 
imposed a groundrule that the useable fuel fraction of the tankage system should be no less 
than 0.94.   This was Incompatible with other groundrules, such as allowing a maximum 
of five percent for unusable propellants, and required a sounder baseline for mass frac- 
tion determination.   The approach taken to the solution of this problem was to pursue 
minimum total inert weight for the tankage system while at the same time studying low- 
cost considerations.   This was accomplished by performing an overall tankage system 
tradeoff study, Interrelating all parameters that influence the total inert weight, in 
order to determine the minimum weight tankage system available.   Then with any in- 
ert weight difference between this minimum weight approach and that imposed by the 
mass fraction constraint pursue low cost considerations. 

A preliminary investigation showed the mass fraction constraint would limit the 
study to the use of conventional aerospace design criteria, high strength materials, and 
efficient structural concepts with some potential to pursue low cost within these con- 
siderations.   A structural synthesis computer program was employed to provide rapid 
determination of tank weight for a variety of structural material/construction combina- 
tions over an operating pressure range from 20 to 50 pels for the critical loading con- 
ditions.   An empirical costing method was developed as a subroutine of the synthesis 
program to provide the associated cost of the structure.   Insulation systems were re- 
viewed and a proven concept chosen that offered both minimum weight and least cost. 
The overall tankage system tradeoff study was then performed interrelating structure 
weight and pressurizatlon system weight with tank pressure. Insulation effectiveness 
as a product of Its thickness, and available propellant feed approaches In conjunction 
with these parameters to determine unusable propellant quantities.   The development 
of computerized propellant stratification models provided the basis for determination 
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of unusable propellant quantities by prediction of the propellant's thermal behaviour. 

Preliminary designs were established for all items of the tankage system based up- 
on the results of this tradeoff study.   The preliminary designs for the major structural 
Items are all fabricated from aluminum, the 2024-T6 alloy for the Intertank adapter and 
the 2219-T87 alloy for the nose fairing and for both the LOX and LHg tanks.   The con- 
structions offering the maximum cost effectiveness are frame stiffening for the nose cap, 
monocoque with light frames to constrain shape for the LOX tank, riveted skin/stringer/ 
frame for the Intertank adapter, and Integrally stiffened skin/stringer with mechanically 
attached frames for the LHg tanks.   Only the LH2 tanks were required to be insulated. 
Study of propellant sloshing Influences showed no problems to exist for the LH2 tanks, 
or the LOX tank providing the center web partitioning was reinforced and light frame 
stiffening of the shells was employed.   Cost analysis was accomplished analytically to 
determine significance of various structural material/construction combinations over 
the operating pressure range of Interest for establishment of parametric cost data, and 
by a detailed in-house cost estimating method for the preliminary designs and the various 
tradeoff studies Involved.   Although the two methods did not produce the same total cost 
for the final designs, analytical cost method being near double that of the detailed cost 
method, it is thought that they are both valid for the purposes for which they were em- 
ployed.   Although the analytical cost data requires considerable refinement In order to 
align Itself to real cost it does provide a good basis for tradeoff studies and offers good 
potential for further development as a tool for costing preliminary designs.   The detail 
cost estimating method was found to be very time consuming and costly and was also 
very sensitive to the level of design detail involved, and only the equivalent of production 
drawings was found to offer the detail required for the establishment of good cost data. 
During the program, cost data was collected and analyzed for all available tankage sys- 
tems, associated structure, and major elements of the tanks in order to provide valid 
backup data to the final tankage system costing.   The high cost associated with the foam- 
in-place insulation system is due to the high quality control and assurance measures In- 
volved and installation sequencing.    Review of this Insulation system still shows con- 
siderable weight and cost saving over other approved systems.   Experience with other 
development systems, such as constrictive wrapped bonded-in-place foam or just plain 
bonded-in-place foam with an aluminum/mylar covering has been shown to be nearly as 
costly but without the same proven integrity when employed on the main shell of a tank. 



2 
DESIGN CRITERIA, CONDITIONS AND GROUND RULES 

The significant influence increasing tankage system weight had on overall vehicle per- 
formance, as determined from concurrent vehicle studies, caused the useable fuel 
fraction of the expendable tankage system to be constrained to a lower limit of 0.94. 
Preliminary investigations showed that in order to meet this value the factors of safety 
and design criteria associated with present aerospace practices would be required. 
This reduced the capability to employ low cost structural designs and fabrication prac- 
tices by trading off reduction in cost for increased weight.   The approach taken was to 
run a concurrent study of minimum weight structure and low cost alternatives with 
consideration being given only to state-of-the-art and proven designs. 

The tankage system originally had a stated ground-hold time of one hour and a flight 
time of 225 seconds to staging.   A ground-hold time of this duration, as applied to 
boosters, does not associate itself with lock-up and only sizes ground storage require- 
ments.   Lock-up is normally two minutes prior to liftoff and was approved by the AFFDL 
as being applicable for this program. 

2.1  VEHICLE AND TANKAGE CONFIGURATION AND MISSION DATA 

Configuration and mission data were supplied by the AFFDL, Reference 1, for the ad- 
vanced staging launch vehicle, FDL-5, with expendable drop tanks. Figure 1.   The 
drop tanks are the primary concern in this study and apart from initial investigations 
into tank loadings, where influence of core stage or recoverable spacecraft is involved, 
no further work was done on the recoverable stage. 

2.1.1 TANK CONFIGURATIONS AND SIZES — The LOX tank and the two LH2 tanks 
were sized around a specified configuration and the usable propellant quantity data 
supplied by the AFFDL, 697,713 pounds of LOX and 58,144 pounds of LH2 per tank. 
The final dimensioning and capacities for the tanks made allowance for an Initial ullage 
space and unusable propellant quantities.   Hemispherical domes were assumed for all 
tank end closures to reduce manufacturing complexity of the Intersecting domes on the 
LOX tank and at the same time provide for commonality of tooling and weld flxturlng. 
Dimensioning and capacities for the tanks, together with the structural models for In- 
ternal loads, are given In Figures 2 and 3. 
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ADAPTER 

Surf. Area - Ft2 Volume - Ft3 

Less BHDS Internal External 

1   CYL. SECT. 
CENTER WEB 
CYL. SECT. 

11 
613 

613 

834 

834           | 

1        TOTAL          j        11 1.226       | 1,668          | 

1039.1 IN. 

JOINT COORDINATES 

NODE X Y Z       | NODE X Y Z        | 

i        7 864.43 -82.4569 0.0    | 
!   8 864.43 82.4569 0.0      j 

9 980.0 -104.921 0.0 10 980.0 104.921 0.0      1 
11 1227.972 -153.121 o.o i i2 1227.972 153.121 0,0 
13 1310.476 -169.159 0.0 14 1310.476 169.159 o.o 
15 1531.343 -212.091 0.0 1     16 

1531.343 212.091 0.0 
17 1752.209 -255.023 0.0 18 1752.209 255.023 0.0 
19 1876.106 -279.106 o.o 20 1876.106 279.106 0.0 
21 2000.0 -303.189 o.o   ! 22 2000.0 303.189 o.o 
23 2013.881 -231.779 42.0     | 24 2013.881 231.779 42.0 
25 1244.0 -70.665 0.0     | 1     26 

1244.0 70.665 0.0 
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2. 2   AKHDTHKHMODYNAMIC ANALYSIS 

Dased upon the »uppllud mi»sion data and tankage geometry, equilibrium skin tempera- 
tures were calculated along the full length of the tankage system using an aerodynamic/ 
structural heating computer program, Reference  2.   The atmospheric pressure and 
temperatures associated with the altitude profile were determined from the 1962 stan- 
dard atmosphere tables. 

2. 2.1   MAXIMUM STRUCTURAL TEMPERATURES - The temperatures experienced 
during launch on the liquid oxygen tank nose fairing are shown in Figure   4  .    For an 
Inconel skin structure of thickness 0. 08 Inch, the maximum temperature during launch 
is shown to be 1040°H (580" F) at the stagnation point.   At a location nine feet from 
the nose apex on the 11-degree cone fairing surface, the maximum temperature cal- 
culated was 515° R (55° F).   The temperature histories varied with differing materials 
and associated gages, but did not have too significant an influence on the choice of 
design concepts considered. 

Skin temperature histories at two locations on the side of the liquid oxygen tank for 
various skin thicknesses using aluminum as structural material are shown in Figure 
3       .    Due to the large radius (seven feet) and the high sweep (79 degrees), the flow 

field was assumed to be equivalent to a wedge deflected at 11 degrees.    The heat In- 
put was assumed to be all absorbed by the heat capacity of the skin, i. e. , no heat 
transfer to the liquid oxygen.   It is shown that the temperature Is practically indepen- 
dent of the location over the oxygen tank.    This is due to the boundary layer which is 
turbulent, where at long  distances the heat transfer rate becomes almost equal.   Tem- 
perature histories on the lower surface centerllne of the oxygen tank are shown in Fig- 
ure   6      for an aluminum skin thickness of 0. 06 inch.   The temperature history at 
the two locations is different due to the different flow field.   At tankage station X = 
25 feet the flow field was assumed to be that corresponding to tangent-cone, while at 
station X = 50 ft the flow field was assumed to be that obtained by a flat plate at 
angle of attack. 

Temperature histories   on the intertank adapter structure from launch aerodynamic 
heating were computed.    The temperature history of an 0. 032 inch aluminum skin, on 
the lower surface centerllne and on the side of the adapter at tankage station X = 75 
feet arc shown in Figure   7    .    The maximum temperature on the lower surface Is 
shown to be 610° R (150° F) while on the side It Is 630°R (170°F).    The flow field on 
the side of the adapter was assumed to be equivalent to a wedge deflected at 11 degree^ 
The flow field on the lower surface centerllne was obtained from the vehicle angle of 
attack history during ascent.   The boundary was turbulent at the time  when the maxi- 
mum temperature occurred.   The temperature history is also typical for skin/stringer/ 
frame construction due to the high thermal conductivity of aluminum.    The maximum 
temperature experienced is not severe for the adapter due to the slow ascent trajec- 
tory. 
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Temperature histories at two points on the side of the insulated liquid hydrogen tank 
are shown in Figure   8   .   Again, due to the turbulent boundary layer, the difference in 
skin temperature at distances of 100 to 150 feet from the nose apex is small.   The flow 
field corresponds to a wedge deflected at 11 degrees and the aerodynamic heat input is 
assumed to be all absorbed by the heat capacity of the structure. 

2. 2. 2  HEAT INPUT INTO LH2 AND LOX TANKS — Heating rates through the LH2 tank 
Insulation Into the liquid hydrogen were determined from the temperature profile given 
above and th** use of Convair's Variable Boundary II computer program. Reference 3 
Equivalent temperature profiles for the insulated LOX tank were determined and em- 
ployed during the overall tankage system tradeoff studies.   Heating rates into the li- 
quid oxygen for the uninsulated case used available Atlas Launch Vehicle LOX Tank data 
and   associated computer programs. 

2. 3  STRUCTURAL CRITERIA 

The tanks, supports, Intertank adapters, and nose-cap were designed to withstand the 
critical ground, flight and test conditions specified below. 

2. 3.1   BASIC GROUNDRULES 

a. The tanks are not dependent upon pressurization for their structural integrity 
during any handling operations or during propellant loading. 

b. The range of ullage pressures to be considered was originally from 0 to 200 
psig.   Since the upper pressure of 200 psig was insufficient for a pressure feed 
system and at the same time use of engines employing such a system not com- 
patible to the core stage requirements, the upper pressure limit was dropped 
with approval of the AFFDL to 50 psia.   This pressure more than satisfies the 
main pump requirements under the most extreme conditions. 

c. Material strengths were based upon room temperature properties except where 
elevated temperatures were encountered.   That is, no advantage was taken of 
increased material strength at temperatures below room temperature. 

d. Factors of safety were not originally specified, in order that alignment could be 
made to fabrication practices producing low cost for some penalty in weight. 
However, concurrent overall vehicle studies showed that increased expendable 
tankage system weight bad an adverse influence on the overall vehicle perform- 
ance and resulted in a useable fuel fraction of 0.94 being specified by the AFFDL as a 
lower limit for the expendable tankage system.   Factors of safety employed in 
this program are those specified by NASA for the Saturn V man-rated vehicles. 

11 
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2.3. 2   FACTORS OF SAFETY — Factors of safety employed are those specified by 
NASA for the Saturn V man-rated vehicle.   Load and pressure factors of safety, 
ground handling, transportation, prelaunch, and flight-design criteria are defined. 

Limit load Is defined as the maximum load to be experienced under specified 
conditions. 

Limit operating pressure Is defined as the maximum operating pressure, or 
operating pressure Including the effect of system environment, such as vehicle 
acceleration, etc. 

For hydraulic and pneumatic equipment, limit pressure excludes the effect of surge. 

2.3. 2.1   Load and Pressure Safety Factors — The following safety factors are applic- 
able to the tankage structural design as minimum values. 

Structure 

Yield Load = 1.10 times limit load 

Ultimate Load = 1.40 times limit load 

Propellant Tanks 

Proof Pressure = 1. 05 times limit pressure 

Yield Pressure = 1.10 times limit pressure 

Ultimate Pressure   = 1.40 times limit pressure 

Hydraulic and Pneumatic Systems 

Flexible hose, tubing, and fittings less than 1.5 inches in diameter. 

Proof Pressure = 2.00 times limit pressure 

Ultimate Pressure   = 4. 00 times limit pressure 

Flexible hose, tubing, and fittings 1. 5 inches in diameter and greater. 

Proof Pressure = 1.50 times limit pressure 

Ultimate Pressure   - 2.50 times limit pressure 

Pneumatic Reservoirs 

Proof Pressure - 1. 05 times limit pressure 

Yield Pressure = 1.10 times pressure 

2. 3. 2. 2  Ground Handling Load Factor — The limit load factor during ground handling 
is 1.10, applied Individually in either direction along any of the three major, mutually 
perpendicular axes. 
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2. 3. 2. 3 Transportation Load Factors — Load factors are defined for land, water and 
air transportation.   The sign convention with respect to the transporting vehicle Is: 

A plus (+ ) sign Indicates aft, starboard, and up. 

A minus (- ) sign Indicates forward, port, and down. 

Land Transportation 

During land transportation, the following limit load factors shall apply: 

Condition 

(1) 
(2) 
(3) 

Longitudinal 

±0.75 
0 

±1.00 

Lateral 

±0.50 
±0.75 
±0.50 

Vertical 

-3.00 
-3.00 
-2.00 

The effects of a 45-knot wind shall be considered with each condition. 

Water Transportation 

During water transportation, the following limit load factors shall apply: 

Condition 

(1) 
(2) 

Longitudinal 

±0.50 
±0.50 

Lateral 

±0.60 
±0.60 

Vertical 

-2.50 
-1.00 

The effects of a 70-knot wind shall be considered with each condition. 

Air Transportation 

Condition 

(1) 
(2) 

Longitudinal 

0 
-1.0 

Lateral 

±0.72 
0 

Vertical 

-1.0 
-1.0 

During flight, the following limit load factors shall apply: 

Condition 

(1) 
(2) 
(3) 

Longitudinal 

-1.0 
±0.33 
±0.22 

Lateral 

0 
±0.33 

0 

Vertical 

-2.0 
-2.5 
±1.0 
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2.3. 2.4  Panel Flutter — A value of 1.5 on limit dynamic pressures was used per 
NASA-SP-8004.   The intertank adapter was the only structural element that was checked 
for panel flutter. 

2. 3. 2.5  Acoustic and Vibration — Detailed study of the acoustic and vibration environ- 
ment on the tankage system is outside the scope of this program.   These conditions only 
received preliminary evaluation after the design of the tankage system was firmly estab- 
lished. 

2.3. 3   LAUNCH LOADS ANALYSIS — Applied loads on the expendable tankage system 
were determined for the maximum otq, maximum ßq, maximum g, and ground wind 
conditions.   The overall aerodynamic coefficients for the expendable tankage system 
were estimated and a three-degree-of-freedom simulated trajectory was obtained for 
an environment of 99% WTR synthetic wind.   The maximum aq obtained was 3000 PSF- 
DRG and the maximum ßq obtained was 2500 PSF-DRG.   Ground wind loads were com- 
puted using the 99% WTR surface wind speed envelopes.   In computing the ground wind 
loads a conservative CQ of 1.6 was used.   This value of CQ Includes vortex shedding 
and other flow Interference due to the launch tower. 

Further definition on these loading conditions are as follows: 

a. Ground winds of 60 mph, tanks empty and unpressurlzed. 

b. Ground winds of 60 mph, tanks full and unpressurlzed. 

c. Liftoff In 60 mph winds. 

d. Max aq. 

e. Max ßq. 

f. Max g. 

The applied aerodynamic loads are shown In Figures 9 and 10. The Inertia load factors 
associated with these conditions are given In Table I and were applied to the structural, 
insulation, and propellant masses on board at the specified flight times. 

Table I.    Load Factors — Limit 

Condition 
FUght 
Time 

n 
X 

n 
v 

n 
z 

Ground Wind 0 1.0 0 0 
Liftoff 0 1.4 0 0 
Max aq 68 sec. 2.0 0 .03 
Max ßq 68 sec. 2.0 .03 0 
Max   g 148 sec. 4.0 0 0 
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Internal Loada 

The tank structure was Idealized as shown In Figure 11.   The rigid connection of the 
two liquid hydrogen tanks at its forward end to the apex adapter and at its aft end to the 
core vehicle introduces a degree of redundancy.   The solution of this problem was ob- 
tained using an existing computer program based on the finite element technique of 
structural analysis.   A sample of the output from this program is given in Table   II. 

This internal loads analysis provided the necessary loads data to determine the tank 
shell load intensities shown in Figures 12 and 13 for the LOX tank and Figure 14 
through 16 for the LH2 tank. 

This approach required two simplifying assumptions: 

a. The stiffness variations resulting in varying materials, member sizes, pressure 
and structural concept were not considered in the analysis of the internal loads. 
Typical stiffness values were used and the loads thus obtained were considered 
constant. 

b. The thermally induced loads caused by the liquid hydrogen tanks contracting and 
thus pushing inward on the core vehicle were not considered. 

The reactions at the core vehicle support points are shown in Figures 17 and 18. 

2. 3. 4  OTHER PARAMETERS AND CONDITIONS 

a. A wide range of structural materials were considered for components of the 
total tankage system and a choice of three materials made on the basis 
of economical considerations coupled with the ability to withstand the loading 
and environmental conditions In an efficient manner.   Materials considered 
were: 

ASME Code 

Aluminum alloy 5083 
Aluminum alloy 5456 
Hy 140 steel 
SA 353 nickel steel 
Type 301 stainless steel 
Type 310 annealed 
Inco 800 nickel alloy 
Inoo 825 nickel alloy 
Titanium SB-265, grade 2 

Aerospace 

Aluminum alloy 2021-T81 
Aluminum alloy 2219-T81 
Aluminum alloy 2014-T6 
Type 301 stainless steel, extra hard CR 
Type 310 stainless steel, 75% CR 
Alloy 718, CR and aged 
Titanium 5 Al-2.5 Sn Eli 
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Table II.   Internal Loads Analysis — Computer Program Output 

LOADINfl  9     MAX   ALPHA  0     LOADS   IN -Z  DIRECTION     68   SEC   FLIGHT  TIMg 

MEMBER  FORCES 

MCMB JOINT AXIAL SHFAR SHEA« TORSION MOMENT MOMENT 
FORCE FORCF V FORCF Z MOMENT V Z 

1 1 -0.000 -0 • 000 -0 ,000 -0.00 0 • 00 0« .00 
1 2 -3.483 0 ,000 8 • 730 0.00 659 .71 -0. 00 
2 3.483 -0 • ooo -8 • 731 0.00 -658 .67 -0, 00 
2 -8.404 0 • 000 17 • 744 0.00 2339 ,91 -0. 00 
3 8.402 -0 • 000 -17 ,7A4 -o.oo -2339 .89 0, ,00 
3 -20.534 0 •ooo 3 • 174 0.00 6478 ,08 -0, 00 
4 20.532 -0 • 000 -3 • 175 -0.00 -6477 ,99 0. ,00 
4 -3(S.608 0 • 000 -69 • 897 0.00 416 • 18 -0. 00 
S 36.6U 0 IOC» 69 .862 0.00 -419 ,69 -0. 00 
S -1037.722 -0 • 000 -82 • 873 0.00 -4348 .71 0, 00 
6 -51.639 -515 • 382 -41 • 338 -220.10 10493 .91 -62183, 21 
6 51.639 515 • 35? 41 .338 220.10 -6981 .49 18639, 06 
7 -51.699 518 • 6*9 -41 .539 149.73 101,40 .47 621*3« .13 
7 51.699 -518 ,6fto 41 .53« -149.73 -6051 .45 -18613, 21 
8 518.668 -51 .6&0 41 .531 6951.40 147 ,89 -18619« 34 
8 -524.068 51 • ^64 -31 ,112 -6951.49 -4424 .18 12926. 96 
9 524.063 -51 • 864 31 .113 6951.39 4423 .90 -12926« 20 
9 -535.648 52, • 344 -8 ,757 -6991.39 -9459, .85 -639. 97 
10 0.029 0 ,000 -43 .708 0.20 3671 .63 -0. ,40 
10 -o.o:»9 -0, ,000 43. ,708 -0.20 -0 ,18 0, ,56 
11 535.622 -52 • 3^° 52 .475 3280.05 9499 .09 636, 19 
11 -539.477 52, .509 -45, .036 -3280.95 -13557 ,83 -9042, 78 
12 539.468 -52 .501 45. ,0?8 3280.^0 13557 ,*3 9C42, 84 
12 -549.786 57, ,788 -28, ,941 -3280.80 -21879 ,51 -17490, ,51 
13 549.784 -57. .789 25. ,942 3280.86 21879 .69 17490, i* 
13 -560.103 63. .076 -12. ,R54 -3280.86 -265H1. .83 -31047, ,94 
14 560.106 -63. ,075 12. 855 3280.85 26581. ,82 31047. ,91 
14 -565.894 66, ,042 -3. ,830 -3280.85 -27634 ,83 -39106, ,35 
15 565.904 -66. ,050 3. 831 3280.98 27634 ,83 39195, ,84 
15 -656.132 69, ,C16 5. ,192 -3280.98 -2754« ,94 -47719, ,49 
16 57.067 201, 2^9 -625. 5?8 -0.81 52549 ,25 16906. 65 
16 -57.067 -201, ,259 625. 528 0.81 -0. .69 -0. 75 
17 518.385 51. 666 41. 352 -6978.82 221. ,01 18638, «1 
17 -523.784 -51. *?? -30, 933 6978.82 -4476. 23 -12544, 85 
18 523.789 51, 87? 30, 933 -6078.83 4476. 29 12544, 86 
1« -535.374 -5?. 35? -5, 576 6978.83 -9466. 63 619, 40 
19 o.oi/. 0. 06? -43, 999 -0.61 3696. 19 2. 85 
19 -0.014 -0. 06« 43, 999 0.61 -0. 25 2, 85 
20 535.43? 5?. 36'» 5?, teo -3283.41 9466, 80 -622, 63 
20 -539.?87 -52, 5?3 -45, 021 3283.41 -1^563. 32 503C, 46 
21 -549.592 -57, ,803 -28, ,932 3283.35 -21*83 .20 17442 • 01 
22 549.590 57, .803 28. ,932 -3283.39 21883 • 34 -17442 »06 
22 -559.908 -63. ,001 -12. ,845 3283.39 -26583 ,33 31042. .73 
23 559.895 63, ,0«8 12. 845 -3283.39 26583 ,33 -3104?, • 71 
23 -565.683 -66. ,054 -3. ,821 3283.39 -27635 ,14 39192. .70 
24 565.692 66. ,060 3. ,821 -32''3.51 27635 ,16 -39102 • 85 
24 -655.970 -6«», ,0?6 5, ,203 3283.51 -27547 ,94 47717, .68 
2* 57.060 -201, ??0 -620. 495 0.61 52539 .69 -16902, .12 
25 -57.060 201, ,??0 625, ,495 -0.61 2 .13 -0, ,46 
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Table II.   Internal Loads Analysis — Computer Program Output (contd) 
RFACTI0N5»«APPLIFr)   LOA05   SU«»POPT   JOINTS 

JOINT   FOPCP   X 
21      -ft57,A09 

25 0.063 
26 -0.O06 

POPCc   Y epRCP   7 MOMFNT   X M0MFNT   Y MOMENT   Z 
57.A61 5.528 -0.22 0*60 -2.17 

-57.4ft« 5.503 0.66 -1.06 -0.39 
-0.027 A3.099 0.36 0.55 2.«5 

0.0?9 45.70fl -0.22 0.16 0.56 

FRFF   JOINT   OISPLAC^PNTS 

JOINT 
I 
2 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

1.9/'4C 

i.o??^ 
1.91Q9 
1.9141 
1.907ft 
1.9017 
1.8895 
1.8«93 
1.7852 
1.7849 
1.3527 
1.3522 
1.2027 
1.2022 
0.9119 
0.9115 
0.7217 
0.7214 
0.6726 
0.6724 
0.6834 
0.68^1 

V ^IS^L 
0,0^17 
O.OOlo 
0,00?1 
o.oo?i 

0.0026 
0.0045 
0.0006 

-0.077t 
".0770 

-0,5491 
0#5547 

-0.7.09 
0.73ftr' 

-1.0«i7ft 
1.0621 

-0.9ft4l 
0.967ft 

-0.6,»3fi 
0.6267 

-0.0170 
o.o1^-» 

7 ^I5CL 
5,077P 
4,479fi 
^,«560 

2.^017 
1.6774 
1.7597 
1.7635 
1.11▼3 
1.1218 

-O.C8ftfl 
-0.0843 
-0.4315 
-0.4270 
-0.9867 
-0.9823 
-0.9703 
-0.9561 
-0.6829 
-0.6788 
-0.1959 
-0.1919 

X-fJOTAT 
o.oooo 
0.0000 
0.0000 
o.oooo 
0,0000 
0.0000 
o.oooo 
0.0000 
0.0004 

-0.0003 
0.0017 

-0.0016 
0.001« 

-0.0018 
0.0019 

-0.0018 
0.0O18 

-0.0018 
0.0018 

-0.0017 
0.0017 

-0.0017 

Y-ROTAT 
0.0038 
0.0042 
0.0044 
0.0050 
0.0053 
0.0053 
0.0053 
0.0053 
0.0051 
0.0051 
0.0035 
0.0035 
0.0027 
0.0027 
0.0006 
0.0006 

-0.0019 
-0.0019 
-0.0035 
-0.0035 
-0.0050 
-0.00^*5 

2-ROTAT 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

-0.0000 
0.0000 

-0.0007 
0.0007 

-0.001« 
0.0018 

-0.O016 
0.0016 

-0.O003 
0.00C3 
0.0021 

-0.0021 
0.0041 

-0.0041 
0.0064 

-0.0064 

SUPfOOT   JOINT   OISPLArFMFNTS 

JOINT v   OISPL V   OISPL 7   OISPL X-ROTAT Y-ROTAT 7-ROTAT 
23 0.0000 0,0000 0,0000 0.0O17 -0,0050 0,0064 
24 0.0000 0,0000 0.0000 -0.0017 -0,0050 -0.0064 
25 1.5055 -0,^790 0.0000 0.001* 0,0035 -0,0018 
26 1.5049 0,5844 0.0000 -O.OOlf 0,0035 0.0018 
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b. A wide selection of structural concepts were considered with emphasis being 
placed on cost considerations within Imposed weight constraints.   Structural con- 
cepts considered were: 

1. Monocoque 
2. Frame-stiffened shell 
3. Integrally stiffened shell (waffle) 
4. Frame/strlnger-stlffened shell 

c. LH2 tank structural designs only considered non-buckling concepts due to the 
mandatory requirements for an insulation installation.   The LOX tank designs 
considered both non-buckling and elastic buckling concepts throughout the pro- 
gram, since an Insulation system, although not mandatory, was thought more 
likely to produce reduced tankage weight and cost. 

2.4 INSULATION SYSTEM CRITERIA 

The Insulation system criteria given below applies to this program: 

a. Prevent any cryopumping of the atmosphere on the LH2 tanks during fill, ground 
hold or flight. 

b. Minimize unusable propellent quantities bolloff during the ground hold and 
flight to values compatible with the total system weight constraint, and maxi- 
mum cost effectiveness. 

c. The insulation must be of a proven state-of-the-art concept and capable of with- 
standing the overall flexing of tank and loads Introduced by thermal effects. 

d. Localized damage to the insulation must be repairable in the field without dis- 
turbance of the undamaged portion of the system. 

e. Prevent cryopumping on the support members connecting the tankage system to 
the core stage, also prevent ice formation as a result of air moisture freezing 
on these members. 

f. Provide thermal protection for the tank structure in the high-temperature stag- 
nation area of the nose. 

2.5 FUEL SYSTEM CRITERIA 

a. Operational Requirements 

1. Two-minute groundhold period from lockup to liftoff. 

2. Propellent flow requirements to meet engine needs, Figure   19. 

3. Pressures at the main pump inlets were 8 psi above the saturation point for 
the LOX and 2 psi for the LH2 in order to satisfy core stage engine requirements. 
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4. Usable propellant quanttttea: 

LH2 - 68,144 lb/tank 

LOX= 697,713 1b 

5. Oxldlzer/fuel mixture ratto la 6:1. 

b. Environment 

1. Ambient preasure va 
model atmoaphere. 

. time conforming to vehicle trajectory uaing ARDC 

29 

   



tmm^—mmmmmammml^mam^m^m 



3 

POINT DESIGN STUDIES 

Point design studies were carried out on the expendable tankage system through the 
review, evaluation and selection of promising candidate structural and Insulation 
materials, structural and Insulation concepts, and propellant subsystems In align- 
ment with maximum cost effectiveness within the Imposed weight restriction.   Para- 
metric weight and cost data was generated for a spectrum of structural material/con- 
struction combinations for each structural element of the tankage system.   A struc- 
tural synthesis computer program was employed for the rapid determination of these 
structural weights, which In the case of the tanks also provided weight variation as 
Influenced by the maximum tank operating pressure over a range from 20 to 50 psla. 
An empirical costing method was employed as a subroutine of the structural synthesis 
program to provide the associated costs of the structural elements.   The primary 
structural components of the expendable tankage system comprise the nose fairing, 
oxldlzer tank, Intertank adapter, and two fuel tanks which also house the tankage sys- 
tem support structure.   Structural material evaluation and results of the structural 
synthesis program showed that the high strength aluminum alloys provided both mini- 
mum weight and lowest cost.    The 2219-T87 aluminum alloy was chosen for the LOX 
and LH2 tanks and the 2024-T6 aluminum alloy for the intertank adapter.   The least 
weight construction concepts for these components were monocoque with light frame 
stiffening for the LOX tank, mechanically attached sheet metal skin/strlnger/frame for 
the Intertank adapter, and integral skin/stringer with mechanically attached frames 
for the LHn tanks.   Least weight for the LOX tank occurred at an associated maximum 
ullage pressure of 20 psla and at 35 psla for the LH2 tank.   The optimum ullage pres- 
sures for the tanks were determined later by the overall tankage system tradeoff study. 
The investigation Into insulation materials and concepts showed a new foam-ln-place 
insulation system, employed by later Saturn V vehicle S-II stages, provides the greatest 
cost effectiveness of any proven system and was employed in this program.   Need for 
insulation and optimum thickness requirements were determined by the later tankage 
system tradeoff study together with the most efficient propellant feed system and its 
associated pressurizatlon system.   To support the establishment of realistic cost- 
estimating-relationships (CERs), the cost of in-house fabricated tankage systems and 
associated structure was collected and analyzed. 

Preceding page blank 
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3.1    STRUCTURAL MATERIALS EVALUATION AND SELECTION 

Structural materials evaluation and selection was revised to place greater emphasis 
on reducing the tankage system weight.   This was after considerable work had been 
accomplished In the investigation of a wide range of both ASME Boiler Code and aero- 
space materials.   The distinguishing characteristics of the boiler code materials are 
their low strength, high ductility, and generally good fabrication qualities.   In the 
associated fabrication practices advantage is also taken of the high safety factors 
employed which result in low working stresses, hence high reliability and long life at 
the cost of weight.   Since the primary intent of the original work was to arrive at low 
cost, the investigation into the boiler code materials, practices, and design criteria 
offered considerable merit.   However, as explained In section one of this report, 
in order to meet the mass fraction requirements of the tankage system, the use of the 
high strength aerospace materials became mandatory.   Parameters for evaluation of 
tankage system structural materials were established and compared for screened 
candidate materials.   The alumuuim alloys were found to be the most efficient materials 
for all major elements of the tankage system.   Titanium is not compatible with liquid 
oxygen, therefore not included as a candidate material for the LOX tank, although 
analysis revealed that it still would not have been competitive with aluminum.   Evalua- 
tion of the aluminum al'oys showed 2219-T87 to be the best choice for all structural 
items subjected to a cryogenic environment and require welding.   The intertank adapter, 
which is not subject to a cryogenic environment and does not require to be of a welded 
construction, considered the 2024-T6 and 7075-T6 aluminum alloys.   Analysis showed 
the 2024-T6 alloy to provide lower weight over the required temperature range of RT 
to 400° F.   Whereas the 7075-T6 alloy has slightly higher strength, it has a lower 
specific modulus and its properties are more sensitive to temperature. 

3.1.1    PRELIMINARY SCREENING.   A broad spectrum of alloys were evaluated to 
determine the capability of meeting the four dominant criteria, required of the candi- 
date materials, namely: 

1. Compatibility with the propellants 

2. Fracture toughness at cryogenic temperatures 

3. Availability 

4. Fabricability 

Materials selected for detail evaluation as point design candidates were: 

2219-T8V Aluminum Kilvy per MIL-A-8920 

Alloy 301 Corrosion »   sutaut Stc«»l XFH per Convalr 0-71002C 

Alloy 718, HTA pc    AMS Fi97A 
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2014-T6 Aluminum Alloy per AMS 4029 and AMS 4014 

SAl-2.5Sn Titanium Alloy per MIL-T-9046, Type II Comp. B 

5083-0 Aluminum Alloy per ASME SB209 

In order to provide for expeditious screening of the candidate materials, the param- 
eters listed In Table III were established.   These are not represented as the only pa- 
rameters of concern, but were thought to cover the more Important aspects of a struc- 
tural material requirement in order to fulfill the program's objectives and tankage needs. 

Table ITI.      Material Parameters for Drop Tanks 

Specific Design Strength 

i><      '    \8-Wdlded Strength 

Specific Stiffness 

Toughness 

Specific Cost 

Availability 

Producibility 

Formability 

Weldability 

Lowest value of 
Ftu Fty •   :     or   -——-  over the tem- 

1.4 p 1.1P 
perature range -423 to 780F. 

Ratio of 85 percent of the ultimate as-welded 
tensile strength to the ultimate design tensile 
strength of the parent metal. 

Lowest value of Young's Modulus in tension over 
the temperature range of -423 to 78° F, divided 
by density. 

Minimum value of notched/unnotched tensile 
strength over -423 to 780F temperature range. 

The product of cost (dollars per pound) of 10, 000 
pounds of sheet material (0.050 x 36 x 96), divided 
by the strength parameter. 

Relative supply of raw material and equipment for 
production by 1970. 

Producers capability to offer raw material in form 
of sheet and plate. 

Uniform elongation of 3 percent in a 2-inch gage 
length. 

Fusion weld with freedom from voids and cracks. 

3.1.1.1   Specific Design Base Material and Weld Strength.   Specific strength is the 
allowable design stress, inclusive of safety factor, and is the lowest value of F^/l.^o 
or Fty/1, ip where 1.4 and 1.1 are the appropriate safety factors relating to ultimate 
and yield, and p the material density.   The specific strength of the as-welded mate- 
rial was determined using a reduction factor of 0.85 on the as-welded strength. 
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Strengths were determined for a temperature range of -423° through 300* F.   Data la 
presented In Figure 20 for -423* F and room temperature values.   The room tem- 
perature values are the basis for tank designs, while the values at -423* F Indicate the 
materials compatibility at cryogenic temperatures.   The as-welded room temperature 
strengths are the basis for all weld land thicknesses.  The best material on the basis 
of specific strength of both base material and welds is the 5A1-2.5Sn titanium alloy. 
Figure 20.   The 301 stainless steel in the extra-full-hard condition has the next highest 
base material specific strength but has a very low specific weld strength.  The 2014-T6 
and 2219-T87 are second in specific weld strength and next in base material specific 
strength. 

3.1.1.2 Specific Stiffness.    Specific stiffness, elastic modulus/density, of the candi- 
date materials is given in Figure 20.   The aluminum alloys are seen to be superior to 
the medium and high density materials with the 2219 aluminum alloy being the highest 
of the three alloys.   This parameter when coupled with its relatively high specific 
strength Is the reason that the 2219-T87 aluminum alloy was found to have the highest 
structural efficiency in later analysis work. 

3.1.1.3 Fracture Toughness of Base Material and Weld Joints.    A large amount of 
fracture data is available on most of the material candid...       ithough much concern 
exists on Its validity as a quantitative measure of toughness.   An extensive amount of 
data was collected on Kc and Kic values, but insufficient time was available to com- 
pile and correlate this data.   For this reason notch/unnotch ratios are used as a 
screening method on candidate materials base material and weld joint strength at 
room temperature and -423° F (Figure 20).   The notch/unnotch ratios are based on a 
stress concentration factor of K^ = 6.3.which provides the most reliable and consistent 
correlation with toughness of welded joints of high strength sheet material at cryogenic 
temperatures. 

3.1.1.4 Specific Material Cost.    Specific material cost is the product of cost (dollars 
per pound) of 10,000 lb of sheet material. Figure 21, divided by the strength parameter 
Ftu/1.4p or Fty/l.lp, whichever Is the lower.   The 10,000 pound quantity usually 
represents the basis for the base price of a material.   Dividing by the specific strength 
of the material is done in order to obtain a relationship with the material quantity 
required to provide equivalent strength.   The resulting values represent relative costs 
per specific strength on an effectlvity basis. Figure 21.   The high strength aluminum 
alloys clearly offer the lowest effective material cost, which can be a very significant 
aspect of total cost when a waffle or integral stiffening structural concept is employed. 
The lower strength 5083 aluminum alloy, although cheaper In base raw material cost, 
is shown to be less cost effective by a significant margin.   The nickel and titanium 
alloys, although high in strength, are several orders of magnitude higher in specific 
cost per pound of raw material.   Material cost per pound of these materials are given 
in Figure 22 for comparative and reference purposes, and reflect 1969 price list 
values for a minimum 10,000 pound order. 
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3.1.1.5 FabrlcabUlty. Fabricability of any structural configuration/material com- 
bination involves a complex interrelating of many fabrication processes, each of which 
varies in complexity with the material involved. Determining the relative difficulty of 
each fabrication process for all material candidates is not in itself of any value unless 
they can be related to cost and in turn proportioned to each design concept of interest. 
The work area has received some initial investigation, Reference 4, and is the basis 
of the fabrication complexity factors presented in Table IV. The aluminum alloys are 
shown to be clearly superior in fabricability to the medium and higher density mate- 
rials. 

3.1.2    FINAL MATERIAL EVALUATION AND SELECTION - The results of the 
preliminary screening clearly showed the aluminum alloys to have th*» greatest cost 
effectiveness, providing both the lowest cost and minimum weight, for all major 
elements of the tankage system.   The 2014-T6 and 2219-T87 aluminum alloys were 
close competitors for construction of both the LOX and LH2 tanks.   The 2219 alloy 
was chosen over the 2014 alloy on the basis of its superior weldability for the point 
designs of both the LOX and LH2 tanks.   For the intertank adapter the 2024-T6 and 
7075-T6 aluminum alloys are the chosen candidates.   Since a secondary objective of 
the program is to determine the relative cost and weight association of other material 
candidates, the medium density 5A1 2.5Sn titanium alloy and the high density Alloy 718 
nickel base superalloy were included for the LH2 tank construction and Alloy 718 for 
the LOX tank construction.   The 5083 aluminum alloy was selected to represent a 
typical ASME Boiler Code material.   Some concern exists as to the compatibility of 
titanium with liquid hydrogen due to the effects of hydrogen embrittlement, but since 
this potential problem is not completely resolved at this time and titanium is only a 
backup material, it will be carried as being representative of a medium density 
material.   The 5A1 2.5Sn titanium alloy is not compatible with liquid oxygen, having 
a marked tendency to undergo violent deflagration, and was hence not considered for the 
LOX tank construction. 
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3.2  STHUCTUIIAL SYNTHESIS PROGRAM 

An available multi-station structural synthesis computer program, Reference   4, was 
modified and further developed, Reference   5, to handle the specific requirements of 
this program.    A cost subroutine was Incorporated into the program employing the use 
of an empirical costing equation that related component total weight to a $/lb figure 
through the use of fabrication complexity factors based upon specified structural 
material/construction combinations and component size and shape.    The use of this pro- 
gram provided for rapid determination of component weight and cost on a wide spectrum 
of structural material/construction combinations during the point design phase, allow- 
ing for efficient determination of cost effectiveness.   During the preliminary design 
phase the program was modified to incorporate Internal geometry constraints on the 
structural configurations and design weight factors.   This provided structural internal 
geometry compatible with manufacturing and design considerations and more realistic 
weight and cost data. 

Due to the method of supporting the tankage system significant shear and torsional 
bading was involved and provisions were made to handle these considerations in the 
program.   An existing subroutine for establishing the total weight of major elements 
through the use of multiple station analyses was found Inaccurate for this application 
and was rewritten.    The basic multi-station analysis subroutine was modified to allow 
design constraints to be Incorporated after optimum structural geometries had been 
determined and so provide for compatibility of geometry between stations and for 
reasonable manufacturing considerations to be incorporated.   By comparing the weights 
of the two runs, the associated weight penalties of these design considerations could 
be ascertained.    This allowed for the equivalent of a design and manufacturing review, 
thereby supplying a greater degree of realism to the output.   Inccrporation of design 
weight factors provided for realistic weights of the component being analyzed.   A ten- 
sion sizing check loop was added to the subroutine in order to provide output for sec- 
tions having net tension as a result of pressure loading together with tension from over- 
all bending.    This capability allowed the full periphery of a shell to be investigated.   A 
dome sizing and weight subroutine were completely rewritten In order to provide more 
meaningful output, handle hemispherical domes in a simpler manner, and obtain more 
realistic sizing and weights of compression bulkheads. 

Typical computer output for this program can be found throughout the report. 
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3.3 TANKAGE SYSTEM STRUCTURE 

The structure of the expendable tankage system was designed to resist the direct 
axial, bending, shear, and torsional loading as well as the influences of structural 
heating, flight pressures, and tank pressurization.   The structural heating effects 
were handled by revision of material properties.  Whereas in normal boost vehicle 
applications the significance of shear and torsion loadings are small, in this applica- 
tion they have a much increased significance due to the tank support method. 

The primary structural components of the expendable tankage system consist of 
the nose fairing, oxidizer tank, intertank adapter, and two fuel tanks which also house 
the tankage system support structure.   The supports were considered as simple 
fittings attached to heavy frames and additional members for load introduction into 
the main shell.   Preliminary analysis showed this approach could have a penalizing 
influence on the tank design and that an eccentric truncated cone thrust structure 
might provide Increased structural efficiency.   Design of such a thrust structure 
would have Involved relocation and resizing of the tankage system as well as a need to 
perform a tradeoff study.   Since the tankage system geometry was a ground rule of 
the program and the thrust cone approach would represent an increased work task, it 
was not incorporated into the design. 

The structural concepts considered for application on the drop tanks were mono- 
coque and semi-monocoque construction.   Monocoque structures are unstlffened shells. 
Semi-monocoque structures covered were frame-stiffened shells, skin/stringer both 
integral and mechanically attached and with and without frames, corrugation stiffened 
shells and a 45° waffle construction. 

The number of loading conditions, construction concepts, material candidates, 
and the requirement to vary the tanks opera'jig pressure and the interrelating of all 
these factors required the use of a structural synthesis computer program, described 
in Section 3. 2.   This was an iivailable computer program that was modified and further 
developed to handle the specific requirements of this program. 

The results of the structural synthesis program confirmed the materials evalua- 
tion viewing that aluminum alloys would provide for minimum weight and cost, the 
2219-T87 alloy for the LOX and LH2 tankage and the 2024-T6 alloy for the intertank 
adapter.    The structural concept providing minimum weight for each of the major 
structural components were monocoque with light frame stiffening for the LOX tank, 
mechanically attached sheet metal skin Stringer/frame for the intertank adapter, and 
integral skin/stringer with mechanical attached frames for the LH2 tanks.   Least weight 
for the LOX tank occurred at an operating tank ullage pressure of 20 psia and at 35 psia 
for the LH2 tank.   The design operating pressures were determined by the later over- 
all tankage system tradeoff study. 
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a..». I   I.OX TANK — The LOX tank configuration (Flijure 2) Is unique and not con- 
sidurud truly compallbUi to low coat objectlvos.   The concept is unproven, highly re- 
dundant from un analysis standpoint, and poses many fabrication problems.   The 
udvunta^u ol this configuration is that it provides end fixity for the hydrogen tanks and 
us such,  ruduces the applied bending moments and allows the total tankage system to 
luiutiun as a single unit.   This simplifies the support system and reduces problems 
ol Huparutiun at staging.   The tank configuration was a ground rule of the program. 

The critical loading conditions for the LOX tank were determined as being the 
fiO tnph ground wind case with the tanks unpressurized and empty, and the burst pres- 
sure case involving both the ullage pressure and the propellant inertia heads.   The 
limit pressure profile for the LOX tank is shown in Figure 23 and is obtained from 
overall consideration of load factors (axial accelerations) on the propellant heads and 
ullage gage pressure throughout the total flight time.   Ullage pressure, whatever 
value employed, remains constant throughout the flight as an absolute pressure but 
the K"K<? pressure across the tank shell increases until an altitude is reached where 
the atmospheric pressure becomes zero.   The LOX tank shell is primarily sized by 
the burst pressure requirements, since compresslve loading intensities are low for 
the unpressurized ground wind case and for other conditions are net tension as a re- 
sult of the relieving pressure.   The relieving pressure load is the absolute ullage press- 
ure minus the atmospheric pressure minus a 2 psi relief valve tolerance setting, all 
divided by two.   The gages required to satisfy the pressure requirements, for the 
aluminum material, provided sufficient stability for other loading conditions at all but 
the lowest tank pressure conditions. 

Theoretical unit weights for each station of the LOX tank main shell, determined 
by use of the structural synthesis program, for a range of ullage pressure from 15 to 
50 psia, monocoque construction, arc shown in Figure 24.     The curves at each 
station are seen to have distinct cutoff lines with a transition at some specific pressure 
above which the unit weight varies directly with pressure.   The cutoff lines for each 
station represent the minimum unit weight required to satisfy the unpressurized, empty 
tank, 60 mph ground wind case. 

The total theoretical structural weig't of the LOX tank for both the 2219-T87 and 
50H:t-() aluminum alloys and the Alloy 718 heat treated and aged material in three con- 
structions are given in Figure 25.    The 2219 aluminum alloy is clearly superior in any 
construction when compared to the low-strength aluminum alloy and the high-density 
Alloy 71H material.    The theoretical main shell weights for the aluminum material 
are shown in Figure 26.    Both the skin/stringer/frame and waffle jonstruction are 
shown to produce lower main shell weight at the lower operating pressures.   Design 
and manufacturing review of the theoretical geometry requirements at each of the 
shell stations showed them to be Impractical to manufacture. 
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The itruotural concept chosen for the point design Is s monocoque construction 
fsbrloated from the 2219-T87 aluminum alloy and since this construction and material 
provides a lower cost than the other candidates, ihe primary objectives of the program 
are satisfied.   The structural analysis is based on the fact that all cross-sections 
remain In-plane, which in practice would not be true for unpressurized conditions, 
especially with the unusual geometry Involved with this tank.  The presence of the 
center web, between the two Intersecting cylinders, required frame stiffening of the 
shells In order to provide compatible shear stiffness between the cylindrical shells 
and center web. 

Stiffening of the shell with light frames was found mandatory in order to handle 
the manufacturing and transportation conditions and the unpressurized fill conditions 
on the launch pad.  Dynamic analysis of propellant sloshing also showed a need to 
break up the smooth Inner surface of the shell and provide stiffening of the center web 
against sloshing loads.   A structural analysis computer program, Section 5.1.1, deter- 
mined the frame requirements that would satisfy shear compatibility between the center 
beam and the cylindrical shells.   These frames also satisfied the requirements of pro- 
pellant sloshing and associated loading. 

3.3.2 INTERTANK ADAPTER — The intertank adapter mates the LOX tank with the 
two LH2 tanks.  It consists of two 14-foot cylinders, 16 feet long. Intersecting at an 
included angle of 22 degrees for approximately a third of the total length.  The candi- 
date construction methods investigated for the intertank adapter Included monocoque, 
frame-stiffened, corrugation, skin/stringer/frame and waffle.  The adapter Is not 
subject to cryogenic temperatures and does not require to be of welded construction 
which allowed the high strength 2024-T6 and 7075-T6 aluminum alloys to be considered 
for its fabrication.  The critical load condition for the adapter is the max aq case. 

The structural synthesis program was run for six materials and three construction 
methods and the theoretical Intertank adapter weight determined.   The results, Table 
V, show the 2024-T6 and 7075-T6 aluminum alloys in combination with a skin/stringer/ 
frame construction produces minimum structural weight.   This construction also offers 
the least cost approach when the stringers and frames are fabricated from sheet metal 
and riveted or spot welded together.   Aerothermodynamlc analysis (Figure 7) deter- 
mined the adapter experiences a temperature slightly less than room temperature at 
the critical max aq load condition and a maximum temperature of 160° F.   Figure 27 
shows the theoretical unit weight variation with temperature for the aluminum alloy skin/ 
stringer/frame construction in conjunction with the max aq condition.   The 2024-T6 
aluminum alloy was chosen over the 7075-T6 alloy despite Its slightly higher Indicated 
weight.   Ths 2024-T6 alloy has a higher specific modulus, better strength properties 
at tempera .ure and when practical stringer spacing was Incorporated, it produced lower 
weight.   This is also apparent from comparison of these two alloys In a monocoque con- 
struction. 

The point design chosen for the L.^ rtank adapter was a skin/strlnger/frame con- 
struction fabricated from 2024-T6 aluminum alloy sheet metal and mechanically attached. 
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Table V.   Intertank Adapter Theoretical Weight for Various Structural 
Material/Configuration Combination« 

Intertank Adapter Weight - Lbs             j 
Monocoque Skln/8tr/Fr Waffle          { 

2219-T87 AlAly 
|    2024-T6    Al Aly 
!    70",5-T6    Al Aly 

r,456 H321 Al Aly 
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3.3.4  LH, TANKS — The two LH2 tanks straddle the core stage vehicle at an Included 
angle of 22 degrees and are 14-foot-dlameter cylinders closed out by hemispherical 
bulkheads with an overall length slightly greater than 100 feet.   They attach to the 
intertank adapter at the forward end and house supports that provide for attachment of 
the total tankage system to the core stage vehicle. 

The critical loading cases for the LH2 tank maln shell are the max aq condition and 
the 60 mph ground wind condition with tanks full and unpressurized.   As to which of 
these two conditions is critical is dependent upon the associated ullage pressure, struc- 
tural material/construction combination involved, and the tankage station at which the 
analysis is being made.   The theoretical unit weight distribution along the tank for an 
operating pressure range of 15 to 50 psia, skln/stringer/frame construction in the 
2219-T87 aluminum alloy material, is shown in Figure 28.   From these plots it can 
be seen that at lower ullage pressures the max aq case is critical while at the higher 
ullage pressures, the ground wind case with tanks full and unpressurized designs. 
Burst pressure designs the closing hemispherical bulkheads and sets the minimum 
skin gages for the main shell. 

Total LHg tank weight, determined by the use of the multiple station structural syn- 
thesis program, for nine material/construction combinations are given in Figure 29. 
The least weight combination is an integral skin/strlnger/frame construction fabri- 
cated from the 2219-T87 aluminum alloy.   The lowest theoretical tank weight occurs 
at an ullage pressure of 35 psia and was chosen as the operating pressure for the 
point design.   Both the 5 Al 2. 5 Sn titanium alloy and Alloy 718 nickel-base superalloy 
are heavier for any comparative construction method and since they also have an in- 
creased cost association they were not considered further, except for the development 
of parametric weight and cost data.   The Increased weight of the monocoque construc- 
tion in aluminum, two and on-half times that of the skin/strlnger/frame construction, 
precluded it from consideration as a low cost candidate for the main shell structure. 

From the preceding work the Integral skin/strlnger/frame construction, fabricateJ 
from the 2219-T87 aluminum alloy and associated with a maximum ullage pressure of 
35 psia was the candidate chosen for development as the LHg tank preliminary design. 
The Internal geometry required to satisfy the theoretical unit weight distribution along 
the main shell for this design is shown in Figure 30.   This optimum geometry Is not 
practical to fabricate and was revised during the preliminary design phase. 
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3. 4  INSULATION CONCKPT ANÜ MATERIAL SELECTION 

Use of cryogenic propellants for flight vehicles, eapecially liquid hydrogen, requires 
highly efficient Insulation to reduce bolloff losses to an acceptable value and prevent 
cryopumplng. The final choice of an insulation for a partijular system represents a 
compromise of many factors.   They must be able to withstand aerodynamic heating 
(external configuration only), Rcceloration, vibration, and shock, and still have tlio 
desirable properties of low density, case of application to largo tanks, thermal effect- 
iveness, and high reliability.   For this program cost effectiveness was of prime con- 
cern.   Insulation on LOX tanks has not been employed In past major aerospace appli- 
cations, but was considered in this pi^gram during the overall tankage system tradeoff 
study to reduce the unusable oxidizer quantity. 

Proven insulation concepts Include the Internal foam system employiid on S-IV and 
S-IVB; the S-II external foam-filled, helium purged, honeycomb system and if J re- 
placement (foam-ln-place system); and the Centaur helium purged Jettlsonable panels 
for the tank sides with bonded external foam on the upper bulkhead.   These insulation 
systems are described on following data sheets. 

Insulation systems under development were reviewed for application on this program 
but after investigation were found to be either lacking In sufficient development or with- 
out a proven integrity.   The development systems considered are briefly described 
below. 

The Centaur vehicle LH. tank employs on its forward bulkhead an insulation system 
consisting of 2.0 lb/ft3 density polyurethanc foam, bonded-in-piace with Poly- 
urethane adhesive and covered with alumlnlzed mylar on its external surface.   The 
foam is preformed under heat and Installed in gore sections because of the many clips 
and brackets on the forward bulkhead.   Whereas, this insulation system has proven 
reliability on a production vehicle for a forward bulkhead application, an extensive 
development would be required to prove reliability .or application on the main shell of 
a tank.   The most significant problem areas associated with this application of this 
concept would be obtaining a perfectly hermetically sealed system, providing a com- 
pletely bonded interface at the tank wall, and protection of the outer sealing layer from 
aerodynamic heating during exit.   The approximate cost of this Insulation system Is 
$74/8q. ft.   This insulation system was not considered for application on this program 
due to its unproven reliability and development requirements. 

Development and testing was performed on versions of the above Insulation concept 
for application on advanced Centaur vehicles with the added requirement for a con- 
strictlve wrap system as the principal means of holding the insulation on the tank. 
These sealed foam, constrlctlve wrapped, external Insulation systems were developed 
under a research program by NASA Lewis Research Center, Reference 6  and 7. 
The system consisted of 0.4-inch thick closed-cell polyurethanc (2 Ib/cu. ft. ) panels 
hermetically sealed by a covering of Mylar/aluminum/Mylar (MAM) foil laminate. 

53 



vn l-Ml  Al I MINrM-MVI>l( IMAM» 
IAMINAI»   M>H V At«)H MfAI. 

Mi AM 
IN«U.ATH>N 

MiAMnx.AI' 
II» |-WK»N I'ANK I« 

mtm-i.i^.sh i unii 

nlNKTHlC nVK 
WHAI' PATTKHN 

lUNSTIUi IIVl  WHAP 

I'IMi» »KA1, 
ItlANNEUI 

StAl.OVK« JOINT 
I ANK WAI.I. 

NKAl.H) KOAM. aiNSTKlCTIVE WKAPPSU, INStlLATlON 

A layer of glass cloth over the Insulation 
provided protection from aerodynamic 
erosion during launch.   The panels are 
bonded to the tank wall using adhesive in a 
grid pattern, primarily to keep air from 
cryopumping behind the panels.   The prin- 
cipal means of holding the insulation on 
the tank was a prestressed wrap of fiber- 
glass roving.   The fiberglass roving was 
applied by a filament winding machine at 
a wrap angle of 6°.   Blistering of the 
foam, loss of the bond between the MAM 
layer and the foam, and breakaway of the 
foam from the tank wall were all experienced. 

Blistering, the most common failure, is due to gas pressure buildup within the sealed 
panel.   The constrlctive wrap prevented the blistered areas from breaking away.   The 
pressure buildup is caused by air cryopumped into the system during the long ground 
hold times.   When the tank is detanked the entrapped gas vaporizes and expands rapidly 
causing foam cell failure.   Other testing. Reference 7 , has shown that blistering is 
likely to occur during ascent as a result of the pressure buildup of the interstitial gases 
from aerodynamic heating and loss of foam strength.   This system has indicated high 
thermal efficiency and is lightweight.   The cost of the fixed constrlctive wrap system 
could not be obtained, but the removable wrap system was approximately $21l/sq. ft. 
Further testing and development is thought to be required together with cost effective- 
ness studies before the application of this system could be seriously considered. 

Insulation systems (proprietary) presently receiving considerable attention at Con- 
vair, supported by testing evaluation, are the open cell Insulation concepts.   Completely 
open celled, the principal of surface tension keeps the liquid out of the insulation by 
maintaining a small characteristic cell dimension.   The small cells form an insulating 
layer of stagnant gas.   Several open cell concepts including honeycomb, tubing and 
open cell foam have been successfully tested.   These systems are in their early develop- 
ment phase and therefore cannot be advocated fur this program wher«. a state-of-the- 
art system is required. 
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SATURN 8-W AND S-IVB  LH2 TANK INSULATION SYSTEM 
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Both these stages use a very similar in- 
ternal foam insulation system for the LH2 
tanks.  This internal insulation system is 
a composite concept employing a fiber re- 
inforced foam core with an outer fiber- 
glass liner.   The core is CPR-20-3 freon 
blown closed-cell polyurethane foam, re- 
inforced in all three planes with fiberglass 
threads.  The foam material has a 3 lb/ft3 

normal density which is increase.! about 50% 
when it rises into the fiber matrix.  The fi- 
bers are about 0.9 lb/ft3 density.  The re- 
sultant insulation density is about 5.5 lbs/ft3.   The insulation is installed in 9-1/2- 
inch-square tiles inside the integrally stiffened ribs of the 45° waffle construction on 
the tank sides using an epoxy adhesive.   Lap Joints at the edge of each tile cover the 
0.6-inch-high ribs and adjacent tiles.  The tiles are one inch thick.   Twelve-inch- 
square tiles, 1/2-inch thick, are used on the forward bulkhead. 

A liner physically ties together the individual segments of foam, prevents the 
formation of surface cracks in the core, and acts as a base for a seal coat.  A No. 181 
fiberglass cloth impregnated with an epoxy adhesive was employed on the S-IV stage. 
This was changed to a lighter No. 116 fiberglass cloth impregnated with a new poly- 
urethane resin for S-IVB as a weight reduction measure.  A sealer is applied that acts 
as a barrier to retard the permeation of hydrogen and inhibits any moisture penetra- 
tion.  Six spray coats of polyurethane resin were selected for S-IV,   These were 
changed to a lighter wiped-on coating of polyurethane resin, used to bond the cloth to 
the foam, on the S-IVB.   The liner and sealer do not represent an impermeable vapor 
barrier against permeation of hydrogen into the insulation and some degradation of the 
insulation system results.   This degradation is time dependent and represented one of 
the major problems with the system development.  A value of 0.035 Btu/hr-ffF was 
used to determine maximum heating rates to the LH2.  A value of 0.025 Btu/hr-ft0F 
was used to determine maximum tank wall temperature for structural design consider- 
ations. 

The complete process of foaming, applying adhesives and resins, installing the 
tiles and liner, and curing is a time limited and controlled process.   Each step re- 
quires different temperature and humidity controls.   Very clean conditions are main- 
tained to avoid contamination of the materials and to prevent loose matter from enter- 
ing the propellant tank.  The insulation bond to the tank wall is inspected with an ultra- 
sonic transducer.   The unit weight of the installed insulation is 0.62 lbs/ft2 for the 
tank walls and 0.39 lbs/ft2 for the upper bulkhead. 
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SATURN  SO   LH2 TANK INSULATION - ORIGINAL SYSTEM 
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The original insulation of the Saturn SU 
stage (first seven flight articles) consisted 
of honeycomb core containing a pressed-in 
Polyurethane foam.   An external sealing 
film of Tedlar was heat-set into a phenolic- 
impregnated nylon cloth which was bonded 
to the core material.   This subassembly 
composite was then bonded to the aluminum 
skin of the tank prior to the welding of the 
major skin panels.  A close-out operation, 
along with final sealing and a pressure- 
proof test, were conducted after comple- 
tion of structural final assembly.   The 
concern for potential cryopumplng of air and attendant hazards required that a helium 
purge be introduced as a backup to the sealing film.  Rapid diffusion of the helium into 
the cells resulted in the thermal conductivity approaching that of helium gas (0.7 Btu- 
in./hr.ft.z*F) within hours after the initial purge.  As a consequence, an insulation 
thickness of 1.6 inches was required to limit the heating of the propellant and avoid 
severe stratification.  The weight per unit area of this composite was approximately 
0.8 psf including the honeycomb, foam, adheslves, and external laminate. 
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SATURN 8-II W2 TANK INSULATION - NEW SYSTEM 

The new Saturn S-II stage external Insula- 
tion system represents an excellent example 
of the progress that has been made towards 
simplicity in insulation systems for LH2 
tanks of aerospace vehicles.   This system 
is sprayed-on, closed-cell polyurethane 
foam which is then machined and covered 
with a seal coat of polyurethane and a vinyl 
topcoat. 

VINYL TOPCXMT 
SEAL COAT or 
CHCMMAL JMT 

rOAMED-IN-PLACE 
POLYIItU: THANE 
fDAM 

TANK WALL 

Over two years of work were expended 
in developing this spray-on polyurethane 
foam insulation and is now being employed for S-II stages, flight vehicle eight and on. 
The foam is a 2 lb/ft** density polyurethane foam,   Nopco EX-250,  approximately 
0.75 to 1.00 inch thick,   with thicker sections in protuberance areas.   The foam 

has an average thermal conductivity (between LH2 and ambient temperatures) of 0.12 
Btu-in/ft 0F,   as opposed to the 0.7 of the earlier insulation.   The insulation 
weight per unit area is 0.25 psf including a water-proof and flame-retardant coating. 
The insulated area is about 5,000 sq ft, a net weight reduction of almost 2.000 pounds 
was achieved, with a considerable savings in cost.   The foam is sprayed on the tank 
using automated spray equipment.  After spraying, the foam is machined to the proper 
depth and a seal coat of Chemseal 3547 polyurethane is applied.   This Is similar to 
Narmco 7343, but Is yellow and has different ablative characteristics.   The polyure- 
thane is then boated with a white vinyl topcoat, Dynatherm V455.   The automatic 
spray equipment is located in a temperature-and humidity-controlled room.   The 
equipment automatically rotates the tank past a set of spray nozzles at the required 
speed, and the foam is sprayed on through the nozzles.  As the liquid foam contacts 
the vertical surface of the tank, it immediately cures and is bonded to the tank.  Wind- 
tunnel testing has shown the polyurethane-vinyl system ablates off in little flakes in a 
desirable manner.   Early system testing was done on a Thor tank.   The testing has 
shown that the Insulation Is a very efficient Insulator.  After tanking tests, small 
areas of the foam (called '^divots") are sometimes popped off the tank due to cryo- 
pumplng.   The areas, however, were easy to repair using pour-foam in the damaged 
areas.   Testing on an X-15 flight was done to determine high-temperature and aero- 
dynamic shear characteristics.  Data indicated satisfactory ablation and erosion rates. 
This system can be considered fully developed, and the only cost involvement is the 
capital outlay In the automatic spray equipment.   Further Information on this Insu- 
lation system is given In Section 5.5.3. 
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CENTAUR LH2 TANK INSULATION SYSTEM 

The liquid hydrogen tank of Centaur is Ineulated by a cylindrical sandwich shell com- 
pletely surrounding the tank. It is constructed in four sections, each 180 inches long. 
The sandwich is approximately 0.70 inch thick with inner face of 0.030 Inch 181 glass 
cloth and epoxy resin with 422-J adhesive, outer skin of 0.030 phenolic impregnated 
181 glass cloth with 422-J adhesive and externally sealed. The honeycomb fiberglass 
core is filled with polyurethane foam to increase the insulation properties of the panels 
and prevent the core cells from cryopumping and filling with frozen air or ice.  Longi- 
tudinal Teflon-coated Stafoam pads are bonded to the under side of the insulation panels 
to prevent the bulk of the panel area from contacting the LH2 tank.  The void between 
the tank wall and the insulation panel is purged with helium before and during tanking 
and until launch to prevent air and moisture from freezing between the panels and the 
tank. The panels are designed to provide an initial interference fit (pre-tension) when 
installed to maintain contact between the LH2 tank and the Stafoam pads on the'panels 
during the thermal and loading conditions.  The panels are Jettisoned after aerodynamic 
heating becomes negligible on die one-burn missions, or Just prior to restart on the 
two-burn missions.  Panel Jettison is accomplished by shaped charges at the attach- 
ment points at the top and bottom and also along the longitudinal panel splices (4 places). 
The upper bulkhead of the Centaur hydrogen tank employs a bonded-in-place polyure- 
thane insulation covered with a mylar-aluminum-mylar (MAM) sealing layer. 
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3.4.1  INSULATION CONCEPT SELECTION - Candidate liquid hydrogen and oxygen 
Insulation concepts and materials were reviewed In alignment with the specific require- 
ments of this program.   The new Saturn V S-II stage LH2 tank concept was found to 
have significant advantages In both thermal efficiency and cost effectiveness over all 
other proven candidates.   It Is the simplest, cheapest, and most easily fabricated 
method for Insulating the tanks and has received extensive testing In support of Its 
application for S-II stages eight and on. 

3.4. 2 INSULATION WEIGHT - Weight of the LOX and LH2 tank Insulation as a func- 
tion of the nominal Insulation thickness was determined.   The final Insula- 
tion thickness requirements are determined by a tradeoff study on overall tankage sys- 
tem efficiency later In the program.   LOX tank insulation was found to be unnecessary 
by this study but is included here as supporting material.   The tank's large size and 
difficulties in maintaining machining control for the insulation require unusually large 
tolerances, .%* , which results in a minimum practical thickness of 0.5 inch.  This 
is the thickness employed on the upper bulkheads of both LOX and LH2 tanks irre- 
spective of wall thickness and lower bulkhead insulation thickness variation.  In the 
determination of the Insulation weight equations for the tanks the following assumptions 
were made: 

t - nominal thickness In Inches and has a tolerance of     * , and Is 1/2 Inch for 
upper bulkheads. 

In determining the weight per square foot of the Insulation, the nominal density of 
2 Ib/cu. ft. for the foam was used.   An additional 1/8 Inch of foam weight was added to 
the nominal thickness to account for variation In thickness allowed and a weight of 
0.104 lbs/sq. ft. for the water-proof and flame-retardant coatings.   The total weight 
per square foot of Installed Insulation in terms of a nominal thickness (t) becomes: 

W   » 0.167t + 0. 021 + 0.104 

+ .75 
This checks with a published figure for the S-II tank walls, 0.75 Inches, of 0. 25 
lbs/sq. ft. " 0 

Total weight of Insulation for the tanks In terms of nominal thickness becomes: 

LOX Tank LH2 Tank 

W   = 507t + 387 lbs W   = 687t + 579 lbs 

Weight of foam-filled honeycomb Inserts for attachment of fuel lines, etc., und 
local areas where high density cork may be required to handle adverse heating condi- 
tions are not included. 
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3.5  MANUFACTURING AND COST ANALYSES 

The total cost of the expendable tankage system is composed of development, produc- 
tion and testing costs.   This study Is primarily concerned with the fabrication costs 
which, together with tooling and equipment costs, constitute the total production cost- 
ing.   The study was originally directly solely towards low cost structures, but the 
significance of Increased structural weight on the overall vehicle performance limited 
this objective to low cost considerations within conventional aerospace material/con- 
struction combinations and associated design criteria.   Two cost estimation methods 
were employed for determination of the overall tankage system costs. 

The first was an empirical costing method, based upon collected real cost data of 
current and past tankage system structure, was developed in order to perform cost 
effectiveness tradeoffs on various material/const ruction combinations for all the major 
structural items of the point designs. 

The second was a detailed cost estimating method that is presently employed by 
Convalr in formal procurement estimations.   This method was used for cost estimation 
of the preliminary designs of the total tankage system. Section 5.8. 5. 

To provide support to the development of the empirical costing method and obtain 
real cost data on fabricated articles to check estimates, manufacturing and cost analy- 
ses were carried out on all available tankage and associated structure manufactured 
by Convalr. 

3.5.1  EMPIRICAL COST ESTIMATION METHOD — Development of an empirical cost 
estimating method was mandatory in order to expeditiously perform trade-off studies 
on cost effectiveness of various structural material/construction combinations for 
each element of the expendable tankage system.   Review of existing empirical cost 
estimating relationships (CERs) showed them all to be based on an equation relating 
structure cost/lb to total component weight. 

The original work. Reference 8 , was stated as being based upon the cost of the 
Saturn V vehicle stages.   No actual cost data was quoted.   Plotted cost data on all 
available tankage and supporting structure is shown in Figure 31.   The CER equation 
developed was: 

1-0.3221 4619 (X) 

where     Y = first unit airframe cost in dollars per pound of airframe weight adjusted 
for complexity. 

C   = fabrication complexity factor for total vehicle airframe. 

X = airframe weight In pounds. 
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Fabrication complexity factors (C ) had been developed, Reference 8 , from a 
nation-wide Interview with alrframe experts in the field of structures, manufacturing, 
and metallurgy as to the rated difficulty of fabrication and assembly of several materials 
and construction types.   Seven structural materials were rated relative to aluminum 
as base 1. 0 and six construction types rated to the monocoque construction as base 1.0. 
The CER equation was used in a later cost estimating program. Reference 9 , but the 
relative magnitude and base for the Cf values were changed and also extended to include 
shape and size characteristics of the structural component being costed (Table IV). 

An extensive amount of plotted actual cost data was accomplished under another 
cost estimating program, Reference 10,for a variety of structural items including 
tankage, manned space capsules, and ballistic and lifting body vehicles.   All data 
correlated well with the 0.322 exponent employed in the developed CER equation.  These 
plotted tank costs (Reference 10) did not provide good agreement with the constant (4619) 
of the previous CER equation.  By normalizing this data through the use of overall com- 
plexity factors based upon structural material/construction combinations and the shape 
and size of the structure involved, produced a new CER equation: 

-0.322 Y = Cf     1555 (X)    * 

Review of the weights given in association with the cost data for S-II and S-IVB 
stages, that provided the basis for the original CER, showed them to involve the insula- 
tion system weight and cost.   This contaminates the overall cost/pound value due to the 
insulation system' s abnormally high cost per pound and does not lend itself to sizing 
with the structural Cf values.   The new CER equation was determined as being more 
applicable and was employed for the expendable tankage system structure costing. 
Another CER equation would be desirable for insulation systems, but insufficient cost 
data precludes this approach. 

The empirical costing method was computerized and made a subroutine of structural 
synthesis program which Is also capable of producing theoretical and design weights 
and mixing of fabrication complexity factors.   Typical computer program output is 
»hown In Table VI for the LOX and LH2 tanks, fabricated from the 2219-T87 aluminum 
alloy, at ullage pressures of 25 and 35 psla respectively.   Both weight and cost are 
based upon the theoretical requirements and do not Include the weight increase due to 
design and manufacturing considerations.   The design and manufacturing considera- 
tions are accounted for by the use of a design weight factor obtained during the prelim- 
inary design phase, and Is the ratio of design to theoretical weight for each element. 
This design factor covers such weight considerations as access openings, propellant 
line penetrations, weld lands, shape constraint and main frames, support fittings, 
etc. 
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The theoretical total cost of the LOX and LH2 tank structure Is plotted in Figures 
32 and 33 against tank operating pressure for differing structiral material/construction 
combinations.  The 2219-T87 aluminum alloy has the lowest cost association for both 
the LOX and LH2 tank structure. 

Table VI.   LOK and LHg Tank Optimum Weights and Associated Costs 

LOX Tank Optimum Weights and Associated Costs (25 psia) 

Mat'l. Fab. Total Cost/ 
Weight Weight Cost Cost Cost Cost Pound 

Component Factor lb $ Factor $ 1 l/lb 

Monocoque Construction 
Upper Dome 1.00 11 10 2.85 2941 2950 277.78 
Cone Section 1.00 422 380 1.00 41034 41414 98.05 
Transition Section 1.00 38 34 2.85 10553 10587 277.78 
Intersecting Cyl. 1.00 2832 2549 1.00 275118 277667 98.05 

Web 1.00 356 320 1.00 34576 34897 98.05 
Lwr. Intrsect Domes 1.00 476 428 2.85 131807 132235 277.78 

Totals 1.00 4135 3769 1.23 496029 499750 120.86 

LH2 Tank Optimum Weights and Associated Costs (35 psia) 

Skin Strngr Frame Con 
Upper Dome 1.00 150 135 2.85 35170 35305 235 
Cylinder 1.00 5881 5293 1.70 821934 827227 141 

Frames 1.00 632 569 1.70 88346 88915 141 
Lower Dome 1.00 164 147 2.85 38361 38508 235 

Totals 1.00 6827 6144 1.75 983811 989955 145 

NOTES: 
Material Is 2219-T87 Al Aly 
Optimum all factors = 1.0 
Costs are for Initial production unit 
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3. 5. 2  MANUFACTURING AND COST ANALYSIS OF FABRICATED ARTICLES - Costs 
of manufacturing aerospace-type cryogenic tankage and associated structure at Con- 
valr were collected and summarized to aid in establishing an accurate method of fore- 
casting aerospace tank costs.   Rates and overhead burden applied to direct labor hours 
(DLH) and material costs reflect 1969 costs.   They are believed to be comparable to 
those presently used by other aerospace manufacturers with equivalent manufacturing 
capabilities and quality assurance requirements. 

Articles costed Include the Atlas SLV-3 and SLV-3C vehicle tank structure, Centaur 
vehicle tank and Interstage adapter structure, Centaur Test tank structure (boilerplate) 
and three R&D test tank structures.   All tankage structure covers both monocoque and 
frame stiffened construction, and is fabricated from a wide range of materials and 
shell gages.   The Interstage adapter structure is a mechanically attached sheet metal 
skin/stringer/frame construction fabricated from the 2024-T86 aluminum alloy.   The 
configuration, structural material/construction combination employed, and a summary 
of manufacturing costs for each of these items are given on the following data sheets, 
Figures 34 through 41. 
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I ATLAS SLV-3 VEHICLE TANK STRUCTURE 

Tankage for the Atlaa family of space vehicles has been produced In quantity (over 500 
units) during the past several years In a number of different configurations.   Extensive 
manufacturing cost data Is available from the various programs.   The SLV-3 configur- 
ation was selected as representative of the tankage for (35) vehicles that were produced 
over a span of approximately 36 months   (July 1963 through June 1966).  An 88 per cent 
learning curve was experienced In the assembly and welding of the vehicle tanks during 
this period.  Simple detail parts and small subassemblLes were run in a single lot, 
where practical, permitting setup costs to be amortized over (35) ship sets. Expensive 
machined fittings and rings and large sheet metal parts vKre released on a ship set 
basis In support of the manufacturing schedule.   Learning on the order of 95 per cent 
was experienced on parts fabrication.  Quality control (Inspection) operations and the 
quality assurance tasks represent a significant portion of the total manufacturing di- 
rect labor hours.  Configuration of the SLV-3 tankage and a summary recurring manu- 
facturing costs, for the first production unit, are shown below. 
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Figure 34   Atlas SLV-3 Vehicle Tank Structure 
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ATLAS SLV-3C VEHICLE TANK STRUCTURE 

The cost of manufacturing the tank structure of six SLV-3C vehicles of the Atlas famHy 
was collected and summarized.   Significant differences are involved between the SLV-3 
and SLV-3C and it provides a further bench mark on actual costs to aid in developing 
a good method of forecasting aerospace tank costs.   Configuration of the SLV-3C tank- 
age and a summary of the recurring manufacturing costs, first unit, are shown below. 
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Figure 35   Atlas SLV-3C Vehicle Tank Structure 
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CENTAUR VEHICLE INTERSTAGE ADAPTER STRUCTURE 

A total of 23 Centaur Interstage adapter structures have Iteen manufactured to date by 
Convalr.   Adapters are of riveted skin-stringer construction with internal beltframe 
type Btiffeners.   Principal material used is 2024 aluminum alloy in the T86 condition. 
Chemical milling for selective material removal was used to reduce weight of skin 
panels.   Access doors and cutouts are representative of the type and quantity that will 
be required on the study design.   A sketch of the adapter and a summary of recur- 
ring manufacturing costs are shown below. 
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Figure 36   Centaur Vehicle Interstage Adapter Structure 

69 



CENTAUR VEHICLE TANK STRUCTURE 

To date 23 Centaur booster vehicles have been manufactured.   Manufacture of the Cen- 
taur vehicles has extended over a period of approximately seven years, resulting in low 
production rates and United learning.  In addition, extensive design changes were 
incorporated during the development phase of the program, Articles 1 through 5, 
resulting in an unusual number of changes to the manufacturing procedures.   Reliability 
requirements were unusually demanding on the Centaur program.  In-process inspection 
(Quality Control) and quality assurance requirements Including vendor surveillance, 
chemical/me talurgical, and process control and corrective action procedures were a 
significant portion of the total manufacturing direct labor hours. 
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Figure 37    Cen*nur Vehicle Tank Structure 
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CENTAUR TEST (BOILERPLATE) TANK STRUCTURE 

A plate gage propellant tank was oonstruoted aa part of a "Battleship" Propulsion 
Test Vehicle (B-PTV) in 1962.   External configuration of the tank was similar to the 
Centaur flight article, except for a 20-lnch extension of the tank cylindrical section. 
Internal configuration of the tank was also similar except for an increase in the dis- 
tance between the double bulkheads separating the LOX and li^ tanks.   Use of plate 
gage materials in the construction of this tank increased the weight from 1,067 lbs in 
the flight article to 11,165 lbs.   Configuration and summary of manufacturing costs 
for this tankage structure are given below.   Effect of the weight increase will be noted 
in greatly reduced cost per pound of the test vehicle tank.   The effect of tank weight on 
the cost/sq. ft, of surface area will also be noted in the cost summary. 
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Figure 38    Centaur Test (Boilerplate) Tank Structure 
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HYPERSONIC MODEL lüg TANK 

A research model, representing a fuselage section of a hydrogen fueled hypersonic 
cruise vehicle was manufactured by Convair for the Langley Research Center under 
Contract NAS 1-4017. 

The structure consisted of an insulated fuel tank suspended in an outer structure. 
The basic tank is fabricated from 2219-T62 aluminum alloy.   It consists of eight In- 
tegrally stiffened, numerically milled and formed conical tank panel segments Joined 
by fusion welding to form a truncated cone.   A one-piece explosive-formed bulkhead 
with integral stiffeners obtained by chem-milllng is welded in the small forward end 
of the cone.   An aft bulkhead weldment, made in four pieces with a hole and a bolt 
flange for attaching an access door, is welded in the large end of the cone.   A tee 
frame weldment is welded midway in the conical tank section.   The access door is a 
one-piece formed bulkhead with fill and vent fittings and an attached flange welded to it. 
The door assembly bolts to the aft bulkhead. 

Manufacturing costs for this type of tankage are considered of value for analysis of 
manufacturing costs for the LHg tank in the present study, after making suitable 
allowance for the scaling effect, since the materials and processes are similar.  A 
sketch of the tank and a summary of recurring manufacturing costs is shown below. 
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Figure 39    Hypersonic Model LHg Tank 
72 

i 
36.1 
20.2 
25.1» 
U.l 

3.2 
i-o 

100.0 



SIAMESE CONFIGURATION LH2 TANK 

A large volume, light weight, non-integral LH2 tank system of "Siamese" configura- 
tion was designed and manufactured by Convair under AFFDL Contract AF33(61S)-2048 
for experimental verification of advanced aerospace systems. 

The test tank, with a capacity for 6,000 gallons of liquid hydrogen, was fabricated 
from thin-gage (. 016 inch) alloy 718, a nickel base superalloy.   It incorporated more 
than 400 feet of fusion welding and weighs less than 900 pounds.   It is 20 feet long and 
has a cross section of two Intersecting 64-inch-diameter circles for a total width of 
eight feet.   End closures are elliptical domes.   A system of tank supports representa- 
tive of the type required for a flight vehicle application were incorporated in the tank. 

An external all-quartz fiber, helium purged, insulation syr.tem was installed to pro- 
vide for thermal protection of the structure and to prevent excessive fuel boiloff. A 
booster pump together with appropriate fill and drain lines and a vent manifold were 
provided to permit fuel management during flight environment testing. 

Manufacturing costs for the Siamese tank were therefore considered to be of particular 
interest since its configuration is similar to the LOX tank of the present program.   A 
summary of recurring manufacturing costs for the tank minus the insulation system 
and hydrogen boost pump, control valves, and instrumentation is given below. 
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Figure 40   Siamese Configuration LH2 Tank 
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R&D ALUMINUM LHg TANK STRUCTURE 

A High .uength aluminum alloy, 2219-T37, ^2 propellant tank was fabricated by Con- 
valr during 1968 for an advanced apace vehicle.   The tank consists of upper and lower 
bulkheads Joined together by fusion buttwelding.   Bulkheads were hot spin-formed from 
plate stock, then machined and selectively chem-mllled to produce required weld lands 
and fitting attach pads.   The tank wall thickness ranged from a minimum of 0.060 Inch 
to 0.155 Inch at the weld lands.   The upper bulkhead contains an access door.   Conoseal- 
type Joints were machined In the door ring welded in the bulkhead and the access door 
which bolts to this ring.   Conoseal joints were also employed for outlet fittings in the 
door and in a drain fitting welded into the lower bulkhead.   Machined support fittings 
were fusion welded to pads on the surface of the tank.   Fabrication costs for this tank 
were considered of particular Interest because it contains elements required for the 
LH2 tankage in the present program.   This includes: one-piece, high strength bulk- 
heads; suitable seals for access doors and outlet fittings; automatic fusion welding 
processes for Joining tank elements together with suitable procedures to Insure quality 
and reliability of the completed article.   Cost of manufacturing the tank is summarized 
below. 
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Figure 41    R&D Aluminum LH2 Tank Structure 
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4 
OVERALL TANKAGE SYSTEM TRADEOFF STUDY 

Increasing the expendable tankage system weight outside of reasonable mass-fraction 
limits was shown by concurrent vehicle studies to be extremely penalizing on the 
overall vehicles performance and cost.  The AFFDL placed a new groundrule on the 
program that the mass-fraction of the total expendable tankage system be constrained 
to a lower limit of 0.94.  This resulted in the need to reestablish the existing program 
groundrules and objectives, since constraining the total tankage system inert weight 
has a significant influence on the capability of obtaining a low cost tankage system. 
Due to the great significance that the original groundrule of allowing five percent 
unusable propellants had on total expendable weight this area became of primary con- 
cern.  The magnitude of the unusable propellant relates to the stratifying effects of 
the propellants which are in turn dependent upon the propellant feed system employed, 
use of an insulation system and its effectiveness, and ullage pressure scheduling. 
The solution was to perform an overall tankage system tradeoff study that related all 
the significant parameters involved and thereby establishing overall tankage system 
minimum weight and cost effective approaches available within the imposed mass- 
fraction constraint. 

4.1 UNUSABLE PROPELLANTS 

The unusable propellant quantity is generally determined by the following factors: 
the engine turbopump net positive suction head requirement and the overall propellant 
feed system configuration; and the degree of thermal stratification of the propellant 
mass, which is a function primarily of the tank geometry, the use and efficiency of 
a cryogenic insulation system, and the tank ullage pressure scheduling. 

4.1.1 PROPELLANT FEED SYSTEMS — Any propellant feed system has a certain 
amount of residual or trapped propellant which cannot be used by the engines.  In 
addition, the high speed turbopumps used on high performance rocket engines require 
that the propellant at the pump inlet be suboooled to avoid cavitation, or liquid vapor- 
ization, in the pump.  The amount of subcooling required is specified by the net posi- 
tive suction head (NPSH) requirement for the pump.  The NPSH is a minimum 
differential which must exist between the local static pressure and the local liquid 
vapor pressure.  That is, at the pump inlet 

static pressure 2 vapor pressure + NPSH 
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Figures 42 and 43 llluatrate the principal differences between feed systems with 
and without boost pumps.   Figure 42, showing a main-pump-only system, Illustrates 
the relationship between static and vapor pressure at different points throughout the 
system at two times.   At the pump Inlet, the differential is "a + NPSHnat tj and has 
decreased to"b * NPSH"att2.   Theoretically, cavltatlon would occur when APm 
drops to zero.    For the boost pump case the propellant Is saturated at the pump Inlet. 
The boost pump Increases the static pressure to provide the necessary differential 
at the main pump Inlet. 

At maximum propellant flowrate the NPSH requirements for the LH2 an^ ^^ 
turbopumps are 2 and H psl, respectively.   Given the NPSH requirement and the 
propellant feed system configuration the required tank ullage pressure for a system 
without boost pumps is represented by an equation of the following form: 

P    -  P    f NPSH + AP    + AP, - H (1) 
u        v a f        s 

where 

P = propellant tank ullage pressure (psla) 

P = propellant vapor pressure at the pump Inlet (psla) 

NPSH      = pump net positive suction head requirement   (psi) 

AP -  duct acceleration loss (psl) 
a 

AP = duct friction loss (psi) 

H = propellant static head at the turbopump inlet (psi) 
s 

The duct acceleration loss term, APa, reaches a peak value during the start tran- 
sient when the rate of change of propellant flow is a maximum,and then drops to zero 
as the steady state condition is achieved.   Duct friction losses are directly propor- 
tional to the velocity head of the propellant.   The maximum velocity heads in the 
hydrogen and oxygen ducts are 0. 7 psl and 1. 3 psi, respectively.    Propellant system 
flow loss ("K") factors are summed and multiplied by the velocity head to arrive at 
the total line friction loss.   Propellant static head values are 0. 03 psi per foot per "g" 
acceleration for liquid hydrogen and 0. 5 psl per foot per "g" acceleration for liquid 
oxygen.    Based on these values and the propellant system duct configurations the 
static head contribution is small for the LH2 system and large for the LOX system. 

For the boost pump configuration the pump itself Is designed to raise the pressure 
from the tank ullage pressure to a value equivalent to Pu in Equation 1.   Therefore, 
considerations other than those pertaining to the propellant feed system will determine 
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the optimum tank ullage pressure. The disadvantages of a boost pump system are the 
significant development and hardware costs, and Increased system complexity and hence 
reduced reliability. 

4.1. 2   THKRMAL STHATIFICATION - Operating a cryogenic propeilant tank at a 
pressure above the liquid saturation pressure gives rise to the phenomenon of thermal 
stratification within the fluiJ mass.   This results In the formation of a warm layer at 
the top which may not be sufficiently subcooled to meet pump NPSH requirements. 

To predict thu extent of temperature stratification in a cryogenic propeilant, 
a thermal model such as that shown in Figure 44 Is postulated.   The sidewall heat 
flux causes the liquid next to the wall to be heated to a temperature above that of the 
bulk.   The resulting density gradients cause free-convective flow of the heated liquid 
along the tank sidewall into the upper regions near the liquid-vapor interface.   It 
then flows inward and downward giving rise to a thermally stratified layer.   This pro- 
cess is extremely complicated and dependent on a number of system parameters, 
some of which are the fluid thermodynamic properties, tank geometry, sidewall 
heating, the ratio of sldewall-to-bottom heating, ullage pressure, external accelera- 
tion forces, and elapsed time. 

The development of a typical stratification temperature profile is shown in Figure 
45.    At time tj, the saturated liquid is pressurized so that the liquid temperature at 
saturation rises from T' to T".   The upper layer of liquid begins to stratify and a 
boiling layer developes.   At some later time, tj, liquid outflow is initiated and pro- 
peilant is removed from the bulk while the stratified layer continues to grow.   The 
ATX value (Figure 45)  is the saturation temperature (T") less the temperature of 
the liquid at height X. 

At some value of ATX the corresponding AP will be the minimum value required to 
satisfy pump requirements.   All fluid above this critical level is considered to be 
unpumpable.   Three techniques available for reducing the quantity of unpumpable pro- 
peilant are higher Initial pressurization, providing a second pressure increase at 
some later time, and reducing the heat flow Into the propeilant by Increasing the insu- 
lation effectiveness. 

4. 2  SYSTEM WEIGHTS 

The physical characteristics of the tankage system components pertinent to the trade- 
off study, including weight scaling equations, are discussed below. 

4. 2.1   PRDPELLANT TANKS — Propeilant tank volumes and wetted areas used for 
the study are presented In Figures   46 and 47 for the LOX and LH2 tanks, respec- 
tively.   The oxygen tank configuration Is basically two right cylinders intersecting at 
an eleven degree angle.   The wetted perimeter decrease? with vertical height causing 
the slopet of the volume and wetted area curves to decrease.   The usable propeilant 
quantity is 697,713 pounds.   The hydrogen tank Is a 168-Inch diameter cylinder with 
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hemispherical domes.   Each tank, canted at an angle of 11 degrees when Installed on 
the vehicle, holds 58,144 pounds of usable liquid hydrogen.   The cylindrical section 
causes a linear relationship to exist between wetted area and volume and the vertical 
height In the tank. 

Curves representing structural weight variation with change In maximum operating 
pressure for the LOX and LH2 tanks are shown In  Figures 48 and 49 , respectively. 
For the oxygen tank a point design weight of 4989 pounds occurs at a tank pressure of 
30 psla.   The sensitivity of tank weight to pressure Is expressed In terms of a weight 
factor (FL, FJJ), which when multiplied by the point design weight gives a total tank weight 
for that maximum operating pressure.  The equivalent plot for each hydrogen tank gives 
a point design weight of 9088 pounds at 35 psla.   Increasing the ullage pressure initially 
reduces the structural weight until the point design pressure Is reached.   At the lower 
pressures the tank structure is compression critical. 

4. 2. 2  UNUSABLE PROPELLANTS — For the purposes of this study, total unusable 
propellonts consisted of that which Is unpumpable due to minimum pressure differen- 
tial (static pressure minus vapor pressure) at the tank outlet, that which is trapped 
in the feed system due to Its geometric configuration, and that which is boiled off during 
lockup and flight.   The unpumpable propellant Is that quantity which Is in the tank when 
the differential between static and vapor pressures at the tank outlet falls to the speci- 
fied minimum value.   The amount of trapped LH2» determined from the volume of the 
feed system. Is 335 pounds.   For the LOX system, including the liquid In the ducts re- 
quired to provide NPSH, the trapped propellant quantity Is 4330 pounds.   Since the 
propellant feed system size was not varied In this study, these quantities were fixed. 
Finally, bolloff losses were negligible in the 345 seconds elapsed time except for the 
case of the uninsulated LOX tank. 

4. 2. 3   PRESSURIZATION SYSTEM — The pressurlzatlon system consists of hot hydro- 
gen bled from the engines, and cooled in a heat exchanger to 520°R to pressurize the 
LOX tank.   The system is Illustrated in Figure 50.    Temperature control Is main- 
tained by dumping excess hydrogen, if necessary, to provide 520° on both sides of the 
heat exchanger.   Generally the system can be designed for normal operation without 
the need to dump hydrogen.   If a pressure Increase Is required near the end of the 
launch period, high flow by-pass valves will permit rapid tank press urlzatlon.   Ground 
press urlzatlon Is used to pressurize Just prior to launch.   This generates a warm 
stratified layer of liquid at the top of each tank.   A collapse factor of two has been used 
in each tank for pressuiant chllldown from 520°R to 270°R (nominal).   No mass trans- 
fer has been assumed. 

The lines and valves have been sized for a flow Mach number of 0.3.   Low pressure 
lines are 0.015" wall, and high pressure lines are 0.10" wall stainless steel.   The 
heat exchanger weight is based on an overall heat transfer coefficient of U = 60 Btu/ 
hr ft2 "R and 1/4 inch, 10 mil wall.stalnless tubes with 30 percent weight addition for 
headers and controls.   Weight of the high pressure cryogenic helium storage bottle is 
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based on current launch vehicle technology.   The bottle Is assumed to be titanium.   The 
residual pressure in the bottle is 600 psi.   Weights of the valves in the system as a 
function of diameter are given in Figure 51.      The regulator valve weight is based on 
Atlas weights and experience, and the low pressure valves are based on AiResearch 
designs.   The high flow bypass valves are assumed to weigh the same as the high pres- 
sure valves without the complex regulation control.   Weight equations for the individual 
components are given in Tables VII and VIII. 

4.2.4 PROPELLANT FEED SYSTEM — The propellant feed system consists of all of 
the hardware between the bottom of the tank and the inlet of the engine turbopump (not 
including boost pumps) which is used to supply propellants to the rocket engines.   The 
component weights of this system, including baffles, sumps, valves, ducts, discon- 
nects, etc., are unaffected by variations in heat flux and tank pressure.   Constant 
point design weights of 735 pounds for the LHg feed system and 1228 pounds for the 
LOX feed system were used in the calculation of the system Inert weights in the trade- 
off study. 

4.2.5 INSULATION SYSTEM — A parametric evaluation of heat flux Into the LOX and LH2 
tanks as a function of insulation thickness was performed.   Figure 52    indicates the tem- 
perature on the outer surface of the insulation in the sidewall and bulkhead regions of the 
tanks.  Based on these temperature profiles values of heat flux to the propellant were ob- 
tained for insulation thicknesses of 0.5, 1.0, and 2,0 Inches.   Convair's Variable Boundary 
n computer program, Reference 3 , was used for this purpose.  The insulation used for 
this study was a 2 lb/ft3 density polyuretfaane foam, the same material currently used 
on the Saturn n liquid hydrogen tank.   Results are shown in   Figures 53 and 54.        From 
an initial value of 90 Btu/hr ft2 the heat flux through the sidewall of the LH2 tank for 0.5 
inch of insulation falls with the external temperature and then rises to a peak of 129 Btu/ 
hr ft2 for this case.  The two thicker insulation systems maintain heat flux throughout the 
flight to within 10 percent of the Initial values for both areas of the LH2 tank.  One-half 
inch of insulation on the LOX tank results in a peak sidewall heat flux of 116 Btu/hr ft2 

from an initial value of 78 Btu/hr ft2.   Again, the variations in heat flux for the thicker 
insulation systems are small. 

The weight of the insulation systems for the LOX and LH, tanks are represented 
by the following equations: 

LOX tank W   = 507 t + 387 

LHg tank W   = 687 t + 579 

where t is the nominal thickness in inches.   On all tanks a constant thickness of 0. 5 
inch was used for the upper dome regardless of the thickness variation on the side- 
wall and lower dome. 
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Table VII. PressurlsaUon Syitom Weight — LOX Tank 

Preasurant (Helium) WH« - i7.d P 

He Storage Bottle ws B 1.43WHe 

Heat Exchanger (^/He) Wx - 150 m 
11                        j 

Shut Off Valve WVL s 28.7^-1.8 

Regulator Valve WR s 2.9 yfitT + 6.7 

Lines, Ducts, Diffuser WL = 540Y^- +22 m + 3,9 

Controls, Supports, Etc. WC = 0.1(WVL+WR + WL) 

Fill Valve and Disconnect wF s 10 

By-Pass Valve wpp 
B l.eS^/nT^   3.46           | 

w PO 42.8 P-1 150 m +   625 UT   +  27.4>/m    +    19.7 normal pressurization, 

If pressure is increased at end launch add:    Wgp =  l.efj^ + 3.46 

Table VTU.  Pressurization System Weight - LH2 Tank 

Pressurant (Hydrogen) WH2 = 18.3 P                               1 

Engine Bleed Valve WßL s 6.35  y/m + 6.67 

Regulator Valve WR m 5.1  y/h + B.*! 

71.6 V|    -3.6 Shut Off Valves WVL ' 

Lines, Ducts, Diffuser WL s SAOV^ ^13y/h + 1.2 

Controls, Supports, Etc. Wc s o.i(wVL + wR + wL) 

| By-Pass Valve Wpp s 2.9 7^ + 3.5                   j 

/7— /m 
WpH = 18.3 P+26.25 Vm   + 1004\/-r-   +  12.1—  normal pressurization. 

If pressure is increased at end of launch add:    WBp s 2.9 >^i + 3.5 

P =  Propellant tank pressure, psia. 

m =  Pressurant flow rate, lbs/sec. 
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Figure 54.   Propellant Heating During Flight — LOX Tank 
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Included In thvae equations Is the weight of an additional 1/8-inch of foam to account 
fur vaiiallon.M in the nominal thickness plus the weight of waterproof and flame-retardant 
coatings. 

4. 2. (>   BOOST PUMPS - Boost pumps are used to Increase the static pressure of the 
liquid at the tank outlet (Figure 43).     For the boost pump configuration, the quantity 
Pu In equation 1 represents the required static pressure at the pump outlet.   There- 
fore, the tank ullage pressure can be reduced considerably below Pu. 

Pesco Products was contacted for Information on boost pumps which would meet the 
requirements of this application.   A summary of this dnta is shown in Table IX.   Also 
shown for comparison are existing pumps used on the Centaur vehicle and a pump us- i 
for an advanced research and development hydrogen tankage system, Reference 11 
Although the required flowrates are an order of magnitude greater than that of the Cen- 
taur vehicle, the pump weight ratio Is less than four to one. 

4.3   TRADEOFF STUDY 

The following three propellant system concepts were investigated for both the LOX 
and LH2 tanks: 

1. Main engine turbopumps only with the tank ullage pressure raised to a given 
value at lockup and then maintained at that level through the end of flight. 

2. Same as above, except that a 5 psi pressure spike was introduced at 200 
seconds into the flight. 

3. Same as No. 1, except that a boost pump augments the main pumps for pro- 
pellant feed. 

The characteristics of these systems and the groundrules for the tradeoff study 
are presented below. 

4. 3. 1 GROUNDRULES - The tradeoff study plan consisted of varying parametrically 
the tank ullage pressure schedule and the Insulation thickness for the propellant tank- 
age systems for each of the propellant feed concepts described in Section 4. 3. 

The ullage pressure was varied parametrically from 20 to 50 psia for insulation 
thicknesses of 0. 5 to 1.0, and 2.0 inches.   Two additional sets of runs with no insula- 
tion were made for the oxygen tank.   The NPSH requirement at the LH2 and LOX tank out- 
lets, to avoid propellant vaporization and satisfy NPSH requirements at the main pump In- 
lets, were 8 and 1 psi respectively. If the differential falls below these values, the pro- 
pellant remaining In the tank is unpumpable. The 1 psi requirement at the LOX tank outlet 
accounts for the velocity head loss. A 2 psi NPSH requirement at the LOX main pump 
inlet together with line losses determined the unusable LOX quantity trapped In the lines. 
A total of 345 seconds of real time was used for all of the runs including a preflight 
poriod of 120 seconds and a 225 second burn.   At time zero the propellants were sat- 
urated at their normal boiling points.   At this time the ullage pressure was increased 
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to the desired level by ground equipment; 1. e., there was no weight penalty allotted to the 
flight hardware for this Initial pressure rise.   At 120 seconds propellant outflow was 
initiated and followed the schedules shown in Figure 55.      The flight was terminated 
when all the usable propellants were consumed.   The computer program calculates 
the unusable     propellant quantity and the weights of the various system components. 
Data from a typical run is shown in Table X.    A total inert weight consisting of the 
tank structure, insulation, propellant feed system, pressurizatlon system and unusable 
propellant quantity is calculated.   Finally, the total inert weight is combined with a 
fixed usable propellant quantity to calculate an inert fraction for the tank. 

4. 3. 2   KKSULTS — A discussion of the results of the parametric analyses is found 
below. 

4. 3. 2.1   Main Pumps Only, No Pressure Spike — The resulting total inert weights for 
the hydrogen tanks, MPO with no pressure spike, are shown in Figure 56.       The 
weights are shown as a function of tank pressure and insulation thickness.   The opti- 
mum tank operating pressure for each insulation thickness is 35. 5 psia.   The curves 
for 0.5 and 2 inches cross due to relative variations in the amount of unusable propel- 
lant, shown in Figure 57.      The unusable propellant weight decreases with increasing 
tank pressure and insulation thickness. 

The minimum total inert weight values are plotted in  Figure 58    as a function of 
the insulation thickness.   The optimum insulation thickness for this system configura- 
tion is approximately 1.1 inches at an ullage pressure of 35.5 psia. 

Total inert weights for the LOX tank, MPO with no pressure spike, are shown 
in Figure 59.      Three cases with insulation were investigated along with two cases 
with no insulation.   The "dry day" and "humid day" curves band the possible situa- 
tions which could occur when no insulation is used on the LOX tank.   The humid day 
case implies heavy condensatio;i of water vapor on the tank wall and correspondingly 
high heat flux values, on the order of 4000 Btu/hr ft2.   The dry day heat flux level Is 
approximately 1000 Btu/hr ft2.   Total weight decreases as tank pressure is reduced 
to 20 psia for all cases except the humid day. 

Due to the high heat flux associated vith the humid day case, the bulk propellant 
temperature rises relatively rapidly.   At a tank operating pressure of 20 psia the 
1 psi minimum allowable differential between the static pressure and the liquid satura- 
tion vapor pressure at the tank outlet is reached 213 seconds into the flight.   Conse- 
quently an additional 8,000 pounds of LOX are included in the total unpumpable pro- 
pellant mass, Figure 60. As the tank pressure is raised, this additional mass de- 
creases rapidly, reaching zero when the bulk propellant is removed from the tank 
before the 1 psi constraint is encountered. 

4. 3. 2. 2  Main Pumps Only, 5 psi Pressure Spike — The boiling layer of propellant can 
be essentially eliminated by spiking the tank pressure near the end of flight.   This 
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Table X.       0«TA  F«OM  *EIGhT  SIZING  SUöP«03flAM 

LCX TAN< WEIGHT 

STRUCTUflE(2b PSIA) 4874 
TNSULATIOMO 0 IKCHES) 0 
PWOPELLAM SYSTEM 1228 
PRESSURI7ATI0N SYSTEM 1633 

HAPO«AHir 1193 
PHESSUMANTfPhE) 440 

UNOSAdLE PMOPELLANT 4396 
TRAPPFU 4330 
UNPU^PABLE 0 
ÖOILOFF 66 

TOTAL INERT(TI) 12131 

USE ABLE   PflCPEUAKT(UP) 697719 

TNEPT  FRACTION  ■  TI/(TI   ♦  UP)   ■     #017 

LM? TANK »•EIGHT 

siHucruHEo«; PSIA) 
IwSuLAflONK ,5 INCHFS) 
PHÜPELLANT SYSTEM 
PHESSOm/ATlON SYSTEM 

MAKÜWARE 
PHESSURANT(GH2) 

UNUSftdLK PROPELLANT 
rwAPPEf) 
UNPUMPABLE 
HOILOFF 

18176 
i845 
715 

310 
64r 
318 
135 

3 

TOTAL INtRT(Tl) 22044 

UbEABLE  PROPELLANT(UP) 11*130 

INERT FRACTION « TI/(TI ♦ UP) m9 
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cuuHos the bulling propollant to become subcooled sufficiently to meet the minimum 
differential pressure requirements.   To evaluate the effect of a pressure spike in the 
tank ullage on system weights, the MPO computer runs were rerun with a 5 psi pres- 
sure spike occurring at 200 seconds into the flight.   The resulting total inert weights 
for the hydrogen tanks arc shown in Figure 62 as a function of the maximum tank 
pressure, or the tank pressure after the spike.   The optimum tank operating pressure 
is 3:) psia.   Minimum inert weight occurs at this pressure and an Insulation thickness 
ol one-half inch. 

For the oxygen tank, the total inert weight Increases as the maximum tank 
pressure Increases, Figure 63. The lowest weights occur foi »he no-insulation 
ease, Figure 64, because most of the formerly unpumpable propellant is recovered 
by the pressure spike. The major components of the unusable propellant quantity are 
the trapped and boiled propellants. 

4. 3. 2. 3 Boost Pumps, No Pressure Spike — The estimates of the boost pump weights 
presented In Section 4. 2. 6 were found to provide an inert weight penalty to the tankage 
system approximately equivalent to that of the "main pumps only with one pressure 
spike" system.   Since no significant weight advantage could be shown for this concept, 
the added development cost and the complexity of these additional pumps have caused 
this concept to be eliminated for consideration for a low-cost expendable tankage sys- 
tem booster application. 

4. 3. 3  CONCLUSIONS — The boost pump augmented propellant feed system was not 
found to provide any advantages over the MPO with pressure spike system.   The in- 
crease in pressurization system weight for the MPO approach was approximately equal 
to the weight of the boost pumps.   Since the use of such boost pumps would involve sig- 
nificant development and hardware costs and increase tankage system complexity and 
hence reduce reliability, this propellant feed system was eliminated from further con- 
sideration. 

The results of the two main-pump-only propellant feed system approaches are 
summarized in Table XI.   The use of a ullage pressure spike in the later stages of 
flight can be seen to have significant advantages over a constantly maintained absolute 
ullage pressure, providing reduced total Inert weight for both the LOX and LH« tanks 
and a no-insulation requirement for the LOX tank.   This is also the most cost-effective 
approach due to the high cost associated with insulating cryogenic tankage. 

The overall tankage system mass fraction involved with the use of this propellant 
feed approach and the associated optimized parameters is shown in Table XII.  The 
mass traction is 0. 956.   This is well above the mass fraction constraint of 0. 94  and 
allows an increase in tankage system weight of 15,058 lbs to be traded off against 
reduced cost. 
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IM 2 Tanks 

Table XI. Summary 

Min. Total Insulation Max. Tank 
Inert Weight Thickness Pressure 

ConÜKuration (lbs) (in) (peia) 

Main pumps only, no pressure 
•;ike 

24,800 1.1 35.5 

Main pumps only, 5 psi 
pressure spike at 200 sec. 

22.000 0.5 33 

IDX Tank 

Min. Total Insulation Max. Tank 
Inert Weight Thickness Pressure 

ConfiKuration (lbs) (in) (psia) 

Main pumpe only, no pressure 
spike 

14,800 1.25 20 

Main pumps only, 5 psi 
pressure spike at 200 sec. 

12,100 25 
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Table XII. Tankage System Weight Breakdown and Maas Fraction 
— Minimum Weight Design 

Nose Cap Structure 

LOX Tank 

Structure (25 psia max) 
Insulation (none) 
Propellant System 
Pressurization System 

Hardware 
Pressurant (He) 

Unusable Propellant 

Adapter Structure 

LHg Tank 

Structure (35 psia max) 
Insulation (0.5 ins.) 
Propellant System 
Pressurlzatton System 

Hardware 
Pressurant 

Unusable Propellant 

Weight - Lto        Percent 

106 0.29 

4.874 13.21 
0 

1.228 3.33 

1,193 3.23 
440 1.19 

4.396 11.91 

2,618 7.10 

18,176 49.26 
1,845 5.00 
735 1.99 

310 0.84 

640 1.73 

338 0.92 

36.899 100.00 

Usable Propellant = 814.000 lbs 

Mass Fraction = 
814.000 

814.000 +  36.899 
= 0.956 
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5 

PRELIMINARY EXPENDABLE TANKAGE SYSTEM DESIGNS 

The major effort in the preliminary design of the expendable tankage system was to 
provide a sufficient level of detail on all components to support realistic cost estima- 
ting and weight.   It was found that the level of detail normally associated with prelim- 
inary designs was insufficient to support the determination of realistic cost by the in- 
house detail cost estimating method and a level of detail close to that required on pro- 
duction items was required.   This requirement in turn produced realistic weight break- 
downs for major components, limited only by the level of analysis employed.   The 
preliminary design of all elements of the expendable tankage system were arrived at 
as a result of the previous point designs, manufacturing and cost analyses, and the 
overall tankage system tradeoff study in alignment with maximum cost effectiveness 
within the mass fraction constraint of 0.94.   Extensive use of a multi-station analysis 
using a structural synthesis computer program was made during the point design phase 
and provided the basis for the preliminary designs when coupled with the results of the 
overall tankage system tradeoff study.   The results of the point design studies showed 
the high strength aluminum alloys to have clear superiority over other structural 
material/construction combinations for all elements of the tankage system.   The pre- 
liminary designs for the major elements of the tankage system are a frame stiffened 
nose fairing, monoooque LOX tank construction with light frame stiffening to constrain 
shape. Integral skin/stringer LH2 tank construction with mechanically attached frames, 
all fabricated from the 2219-T87 alloy; and a sheet metal mechanically attached skin/ 
stringer/frame construction intertank adapter fabricated from the 2024-T6 aluminum 
alloy.   The overall tankage system tradeoff study produced the optimum tank opera- 
ting pressures, Insulation system requirements, and the propellant feed system re- 
quired In order to provide minimum weight and maximum cost effectiveness.   The 
optimum maximum operating pressures were 25 psla for the LOX tank and 35 psla for 
the LH2 tank In association with a non-Insulated LOX tank and a minimum thickness 
requirement of 0.5 Indies of spray-on closed-cell polyurethane foam for the li^ tank. 
These conditions are In association with the use of a propellant feed system of main 
pumps only with a ullage tank pressure spike of 5 pel at 200 seconds Into the flight 
time.   The ullage pressure at lockup Is therefore 5 psl less than the quoted maximum 
absolute operating pressures. 

Theoretical Internal geometry requirements for each component's candidate struc- 
tural material/construction combination was Investigated and aligned to practical de- 
sign and manufacturing requirements In order to produce the highest cost effectiveness 
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within Imposed weight constraints.   The structural synthesis program was employed 
In the preliminary design phase to determine the significance that variation In frame 
spacing, and stringer height and spacing had on weight.  Increased weight, over that 
determined by analysis for each structural element was also necessary in order to 
provide for access provisions, propellant line penetrations, weld lands, additional 
frame requirements, supports and backup structure, etc.  A detailed weight break- 
down for each of the preliminary designs was made and compared to the point designs. 
The ratio design to theoretical weight was termed the 'design factor".   These design 
factors were then input into the multi-station analysis computer program and cost sub- 
routine to provide design weight and cost. 

5. 1   SUPPORTING ANALYSES 

5.1.1   LOX TANK FRAME REQUIREMENTS - The results of the structural synthesis 
computer program showed a monocoque construction In combination with the high 
strength 2219-T87 aluminum alloy provided the least weight approach for the main 
shell of the LOX tank.   This structural material/construction combination also satisfies 
a least cost approach.   However, the analysis was based upon the assumption that all 
sections remain in-plane, which Is not true due to the shear redundancy of the config- 
uration.   Frames were determined as being necessary in order to provide shear com- 
patibility between the cylindrical shells and the center web, constrain tank shape during 
the manufacturing and transportation phases, and reduce propellant sloshing problems. 
Determining the deflected shape of the tank cross-sections under shear loading was a 
complex problem due to the tank's unique configuration and Its highly redundant nature. 
In order to handle this problem a structural analysis computer program war developed. 
The approach involved idealizing the LOX tank into a theoretical arrangement of frames 
(bending and axial loaded members) and shear webs.   This Idealization included the 
center beam, the transition from cone to Intersecting cylinder and further separation 
into two cylindrical shells for the adapter.   Loads were applied to simulate the air- 
loads associated with the max aq condition.   Inertia relief and Internal pressure was 
not considered.   The distributed air load was accumulated by standard panel point 
methods and translated Into a distributed load on each frame. 

Shear Distribution.   The role the center beam plays in carrying vehicle shear was In- 
vestigated.   The shear in the center web Is compared to total vehicle shear In the curves 
of Figure 65.   With the member sizes used in the model a significant portion of the 
vehicle shear is introduced Into the center beam at the forward end (Sta. 456) Indicating 
the need for a substantial frame at that point.   Aft of that station the proportionate part 
of the total shear carried by the center beam decreases until approximately Sta. 700 
where it unloads rapidly into the cylindrical shells Interfacing with the adapter section. 

Itelative Deflections.    The deflected shape of the overall LOX tank was determined to- 
gether with that of individual frames and evaluated. 
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u. A relatively rigid frame was required In the transition from the conical section 
to the Intersecting canted cylinder section«. 

b. Frames in the conical section forward of the center beam can be minimal. 

c. Frames attached to the center beam are forced into the role of transferring shear 
between the cylindrical shells and the center beam.   The relative rigidity of the 
center beam and the vertical shear distribution role mentioned above combine to 
induce considerable bending in these frames.   The frames used in this model and 
design application were determined as being satisfactory. 

d. Deflections compatible with insulation requirements were not fully evaluated 
since LOX tank insulation was determined as being unnecessary by the overall 
tankage system tradeoff study.   However, the deflections and rotations obtained 
from this analysis did not suggest that this would be a significant problem. 

5.1. 2   PHOFKLLANT SLOSHING - Realistic design weights and fabrication costs 
necessitated a realistic design and therefore had to consider propellant sloshing con- 
siderations.   The study configuration was investigated for potential slosh problems and 
an analysis made to determine structural requirements based upon sloshing considera- 
tions. 

The analysis was undertaken primarily to determine slosh mass and frequency 
parameters for the study configuration.   Due to the fact that the configuration's longi- 
tudinal axis is not an axis of rotation symmetry for the expendable tanks, several 
approximations were required which necessitated interpretation of the results.   The 
following study conclusions were made. 

a. The preliminary LH» tank design presented no sloshing problems and no modifi- 
cations were required. 

b. The LOX tank is designed with a central web which is helpful in restraining 
slosh motion, if sufficiently rigidized by stiffening members. 

c. Due to the large frequency separation between the LOX first slosh mode and 
the vehicle control mode, no slosh stability problems existed. 

d. A brief look into the probable excitation of the slosh mass and the resulting 
loading condition indicated. 

1. No appreciable slosh coupling into the control system. 

2. No appreciable slosh loading (beyond normally treated loading) on internal 
tank structure. 
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5. 2  NOSE FAIRING 

A nose fairing, rather than termination of the LOX tank was employed In thia applica- 
tion due to the adverse temperatures involved and need to cover the LOX pressure vent 
valve.   The nose fairing is a frame stiffened shell structure and consists of a cone frus- 
tum, 22 degree included angle, closed out by a 30-inch diameter hemispherical end 
cap. Figure 66.    The fairing Is 96 Inches long with a base diameter of 62.16 Inches 
and Is fabricated from the 2219-T87 aluminum alloy with an outer covering of Impreg- 
nated cork to protect the structure from the short term exit heating environment. 
Other designs considered were a laminated phenolic fiberglass construction with a 
slllcone outer coating and a bare metal construction fabricated from Inconel.   The final 
choice was based on the results of detailed cost and weight analyses of all approaches 
and showed the aluminum structure to have the highest cost effectiveness.   The fairing 
attaches with bolts to the LOX tank foiward bulkhead external frame.   The fairing cone 
Includes provisions for the LOX bolloff vent valve outlet, helium pressurizatlon line 
and harness, and has holes around It) base to allow venting of the cavity during launch. 

The fairing cone section Is fabricated from roll formed aluminum sheet material In 
four segments which are then fusion buttwelded together.   The shell Is stiffened against 
compression buckling by four frames, spaced on 29 Inch centers, and attached by rivets. 
The three forward Internal frames are simple sheet metal formed channel sections 
The aft frame Is an external machined angle section that provides for bolted attachment 
of the fairing to the mating ring on the LOX tank forward bulkhead.   The shell has cut- 
outs to allow penetration of propellant lines.   The cutout for the LOX bolloff vent line Is 
reinforced with a fitting allowing for attachment and support of the Internal line and the 
ground equipment umbilical disconnect.   The cutout for the helium press urizatlon line 
Is reinforced and shrouded by a fiberglass fairing.   The use of a fairing also serves to 
reduce turbulence and hence aerodynamic heating during exit. 

The nose cap Is a single-piece spin-formed aluminum 30-lnch diameter hemisphere 
which Is bolted to the cone section's forward frame allowing access to the nose fairing 
cavity.   Both the nose cap and conical section of the fairing are covered with cork Insu- 
lation (Armstrong 2755, cork In a cured resin binder), Installed under vacuum pressure 
In sheet form using a partially filled epoxy adhesive which has good elevated tempera- 
ture properties.   The outer surface Is then coated with a layer of abrasion and moisture- 
resistant synthetic enamel.   The nose fairing weight breakdown Is shown In the follow- 
ing table. 

Component Weight 

Nose Cap 6.86 
Conical Section 74. 50 
FwdRlng(l) 1.72 
Intermediate Frames (2) 4. 43 
Aft Ring 3. 32 
Insulation 15.44 

106. 27 lb 
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6.3  LOX TANK STRUCTURE 

The LOX tank structure, Figure 67,   is of monocoque construction, with light frame 
stiffening to constrain shape, and is fabricated from the 2219-T87 aluminum alloy 
material.   This structural material/construction combination was determined by eval- 
uation of the point designs and the results of the overall system tradeoff study, and 
provides the least weight and greatest cost effectiveness.   Frames were determined 
as being necessary in order to constrain the tank shape while impressurlzed during the 
fabrication, handling, transportation, and fill conditions.   The frames also stiffen the 
main shell and center web against propeUant sloshing loads and provide for internal 
surface roughness for breaking up of the propellent sloshing modes.   The tank has a 
unique geometry which does not align it to low cost considerations, but was a ground 
rule of the program.   The major elements of LOX tank structure consists of a forward 
bulkhead, cone section, transition section, intersecting cylinder section, and an aft 
bulkhead closure consisting of two intersecting hemispherical domes.   The results of the 
overall tankage system tradeoff study gave an optimum maximum operating pressure for 
the tank of 25 psia and that no insulation would be required.   These considerations are 
in alignment with a main-pump-only propeUant feed system and the need for a pressur- 
ization system that will supply a 5 psi pressure spike 200 seconds into the flight time. 
This reduced the unusable oxidizer quantities to a minimum and removed the need for 
boost pumps which would have given increased cost and complexity to the system and 
reduction in overall system reliability.   The increase in pressurization system weight 
traded off about equal to the booster pump weight. 

5.3.1 FORWARD BULKHEAD - The LOX tank forward bulkhead is a portion of a 
hemisphere with a radius of 32 inches.   It incorporates provisions for an access open- 
ing, to allow for removal of the pressurant diffuser and access during the fabrication 
phases, and a pressurizatton inlet.   The access opening is 24 inches in diameter and 
uses machined rings welded into the basic shell and access cover, which are then 
bolted together using an "O " ring seal.   A LOX boil-off and pressure relief valve out- 
let is fitted into the access cover. 

The theoretically required bulkhead gage for the maximum operating pressure was 
0. Oil, which is an Impractical gage for fabrication.   A minimum gage of 0. 020 was 
chosen for the basic shell and 0.040 gage for weld lands.   The basic shell Is designed 
as a spun-formed one-piece bulkhead from which the access cover plate can also be 
made.   The spun dome is machined down to 0. 060, chem-mllied to 0. 040, and then 
selectively chem-etched down to 0.020 allowing for weld lands for attachment of the 
main shell, access bulkhead ring, and press urization inlet.   The least cost design 
approach for this Item was to leave the basic gage as 0. 040, which avoids any selective 
chem-mllling costs. 

5.3.2 CONICAL SECTION — The conical section of the LOX tank, vehicle station 
295.9 to 424. 2, Is of monocoque construction with light frames to constrain the shape 
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during the fabrication and transportation phases and other tank loaded conditions. 
These frames also provide some constraint to the propellant sloshing conditions.   The 
use of frames were not found necessary in handling the compression loading. 

The tank frames are of constant cross-section throughout the tank, have an inverted 
hat shape, and increased stiffening is obtained by closer spacing of the frames.   The 
frames are attached to the shell by means of resistance spot welding due to the low 
cost approach this offers.   Some concern does exist in this approach due to the lack of 
background experience with resistance welding of aluminum alloys in pressure vessels. 

The shell consists of six longitudinal chem-mill tapered (0. 040 to 0.100) panels 
which are selectively chem-etched to provide frame weld lands.   The frame lands are 
required in order to provide for a continuous frame shape devoid of joggles and also 
an additional thickness allowance for the reduction in material strength as a result of 
the resistance spot welding.   The low cost approach considered is to circumvent the 
selective chem-milling of the pockets, which would, however, involve a considerable 
weight penalty. 

5.3. 3  TRANSITION SECTION — The transition section is a portion of a 14-foot diam- 
eter sphere and provides for the mating of the forward cone section with the intersec- 
ting cylinders assembly.   This item is of monocoque construction, formed in four 
sections which are then fusion butt-welded together. 

5.3.4  LOX TANK CYLINDER SECTION — The LOX tank cylinder section assembly, 
station 440,228 to 819,818, consists of two 168-inch-diameter cylinders intersecting 
with a center web at an angle of 11 degrees.   The assembly, 372.6 inches long, mates 
to a transition section at the forward end and is enclosed at the aft end by intersecting 
hemispherical bulkheads.   The assembly is primarily designed by pressure considera- 
tions, resulting in skin gages of 0.63 inch at the top to . 105 inch at the base.   The 
structure is reinforced with light frames to maintain tank shape during fabrication 
handling, transportation, and other loading conditions. 

The tank frames are inverted hat shapes, spaced 23 inches apart, and resistance 
spot welded to the skins.   The frames are attached to center web stiffeners with gus- 
sets which are installed after the final assembly of the two cylindrical halves with the 
center beam.   Each tank shell half consists of four cylindrical skin segments having 
two skins to each segment.   Each sheet is taper chem-milled to provide required thick- 
ness variation in the basic shell thickness and weld and frame lands.   The chem-milling 
is accomplished in two steps.   The basic sheets are first taper chem-milled to the weld 
land gage of . 103 inch at the forward end to . 172 inch at the aft end.   The lands are 
then masked and the remainder of the sheet is taper chem-milled to the final skin gage 
requirements.   Frame lands are required as a result of reduced sheet strength from 
spot welding.   The frame lands were designed to the same gage thickness as the weld 
lands to eliminate the requirement to joggle the frames at the center web attachment. 
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The center web experiences the same pressure membrane loadings as the main shell 
except in varying intensities as a result of the Joint geometry.   The loading intensity 
increases from zero at the forward end to 4000 pound/inch at the aft end.   The center 
membrane is tapered from . 020 inch to . 185 inch.   The gage at the forward end is 
constrained by minimum gage considerations.   Stiffening of the web is supplied by two 
back-to-back vertical channels, spaced to align with the intermediate cylinder frames. 
Attachment of the frames to the stiffeners is accomplished through the use of frame 
gussets that are riveted to both frames and stiffeners. 

A center beam, "Y" section, is required in order to handle the three directional 
loading conditions and provide for practical fabrication and assembly.   The center 
beam cap has a "T" cross section at the forward end and slopes to a 64-degree 
included angle "Y" section at the aft end.   The leg thicknesses, . 103 and . 040 inches 
at the forward end and 0.172, 0.172 and 0. 330 inches respectively at the aft end, are 
based on pressure loading considerations.   Thicknesses are sized to the weld strength 
of 2219-T87.   The center beam ties the two cylinder halves to the center web assembly. 

5. 3. 5  AFT END CLOSURE — The aft end closure of the LOX tank consists of two 
intersecting 14-foot hemispherical domes joined by a center web.   The use of hemis- 
pherical domes provides a constant angle at the joint with the web having a simple arc 
shape.   The domes are joined to the center web by means of fusion butt-welding a 
machined "Y " ring section to the center web and domes.   The domes are multi-piece 
welded assemblies consisting of six gore sections, an aft ring section with a flange for 
mechanical attachment of the intertank adapter, a dollar-patch at the dome apex which 
incorporates access provisions, and a LOX outlet fitting installed in the access door. 
Both domes are identical in construction. 
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5.4 INTERTANK ADAPTER 

The intertank adapter consists of two 14-ft diameter cylinders intersecting with a cen- 
ter web at an included angle of 22 degrees for approximately one-third of its total 16- 
foot length and mates the LOX tank with the two LH2 tanks.   Attachment is accomplished 
with the use of bolted flanged joints provided on both the adapter and tank structure. 
The preliminary structural design of the adapter. Figure 68,    employs a sheet metal, 
mechanically attached skin/stringer/frame construction fabricated from the 2024-T6 
aluminum alloy for the cylindrical shells, and an integrally machined 2219-T87 alumi- 
num alloy center web, mechanically attached to the shells and fusion butt-welded to 
the LOX tank intersecting bulkhead center web. 

The structural synthesis computer program used in the point designs produced 
theoretical internal geometry for the skin/stringer/frame construction and total weights 
for the adapter.   Design and manufacturing review of this geometry found it impractical 
to manufacture, and not aligned to cost effectiveness considerations.   To obtain the 
weight penalties that would be associated with variation in stringer and frame spacing, 
the structural analysis computer program was rerun for a range of stringer spacing 
between 4 and 6 inches and associated frame spaclngs between 12 and 42 inches.   The 
results of this work are shown in Figure 69.     A 4-inch stringer spacing was determ- 
ined as a practical minimum in order to obtain reasonable flange widths for the string- 
ers and a 28. 3 inch frame spacing on the basis of its compatibility to design and least 
weight considerations.   The structural analysis computer program was again rerun 
to these constraints and produced required stringer and frame section requirements. 
Design and manufacturing review of these sections caused the sections to be modified 
in alignment with good design and fabrication practices.   The final preliminary design 
sections and the theoretical requirements are shown in Figure 70 together with the 
weight penalties involved. 

The adapter center web has a form best described as a crescent shape and results 
from the ellipse produced by the intersecting cylinders minus the segment of a circle 
produced by the center web of the intersecting LOX tank bulkheads.   The web has an 
integrally rib-stiffened construction and is fabricated from 2219-T87 aluminum alloy 
plate material.   The forward circular edge of the plate is welded to an upstanding leg 
on the LOX tank center web and thereby becomes a permanent part of the LOX tank 
structure.   This was the only practical fabrication method that could be found for 
mating the center web of the LOX tank with that of the adapter due to minimum access 
available and manufacturing assembly requirements.   The outer edge of the plate allows 
for mechanical attachment of elliptical shaped variable angled splice plates which 
allow also for attachment to the main shells of the adaptei and provide for a field 
splice. 
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5. 5   LH2 TANK PRELIMINARY DESIGN 

The preliminary LH2 tank design, Figure 71,    was based on the results of point design 
studies and the overall tankage system tradeoff study.   The tank consists of a 14-foot 
diameter cylindrical shell closed out by hemispherical bulkheads with an overall length 
of approximately 100 feet.   Each tank is capable of containing 58,144 pounds of usable 
liquid hydrogen fuel.   The tank structure has an integral skin/stringer/frame main- 
shell construction, monocoque bulkhead construction, and houses the four overall tank- 
age system supports and associated backup structure.   All elements of the tank struc- 
ture are fabricated from the 2219-T87 aluminum alloy.   The tank is externally insulated 
with spray-on closed-cell polyrethane foam, 0.5 inches thick.   The tank »yp-srateß at a 
maintained pressure of 30 psia from lock-up until 200 seconds into the flight when a 
pressure spike of 5 psi is introduced.   The insulation thickness and pressure schedul- 
ing consideratfons were determined by the overall tankage system tradeoff study and 
produce minimum weight and maximum cost effectiveness.   Spiking ullage pressure 
late in flight reduced the unusable propellant quantities sufficiently to remove any need 
for a boost pump to augment the main propellant feed pumps. 

5. 5.1  STRUCTURE — The results of the point design studies showed that an integral 
skin/stringer/frame main-shell construction, fabricated from the 2219-T87 aluminum 
alloy, produced both minimum weight and minimum cost.   Multi-station analyses by 
use of a structural synthesis computer program produced an optimum internal geometry 
for this material/construction combination (Figure 30 )for the point design associated 
with a maximum operating tank pressure of 35 psia.   The critical loading conditions for 
the main shell were the max aq case and ground wind case with the tank full, but un- 
pressurized.   As to which case is critical is dependent upon the station being analyzed 
and the associated tank pressure.   Design and manufacturing review of the required 
internal geometry of the skin/stringer/frame construction showed it to be impractical 
to fabricate due to differing stringer and frame spacing requirements at each station, 
stringer height to thickness relationships, and lack of any commonality considerations. 
The construction was reanalyzed to determine the weight penalties involved when the 
scringer and frame spacing was varied.   The results. Figure 72   showed that varying 
frame spacing produced only small weight changes, whereas varying stringer spacing 
produced a significant weight change.   Design studies coupled with manufacturing and 
cost tradeoffs had been carried out on differing construction methods within the skin/ 
stringer/frame concept.   Spotwelding of sheet metal stringers and frames to the main 
shell was considered impractical, even with the use of adhesive, due to the required 
tank shell gages.   Frames attached directly to the top of longitudinal stringers were 
not capable of reacting the shear and torsional requirements.   The final choice was to 
use integral pocket milled plate with blade-type stringers and the circumferential stif- 
feners being employed for mechanical attachment of frames.   This construction method 
is similar to that employed on the Saturn V S-II stage LH2 tank.   To provide for prac- 
tical attachment of frames, a 4-inch minimum stringer spacing is required, except 
where a longitudinal weld splice exists which then requires a 6-inch stringer spacing. 
Widening stringer and frame spacing has also a lower machining cost association. 
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Practical frame spacing was reviewed in alignment with weight and cost, standard 
frames, and maximum plate sizes and resulted in a final choice of 26 inches.   The 
theoretical blade height varied between 1. 2 and 1. 6 inches.   Manufacturing and cost 
analyses showed this requirement to have significant high machining cost association 
and a constant stringer height of 1. 25 inches was subsequently chosen.   A multi-station 
analysis was performed for the skin/stringer/frame construction with these dimen- 
sional restraints and the results are shown in Figure 73.     The preliminary designs are 
based on these requirements. 

The forward and aft bulkheads are identical in gage thickness and construction ex- 
cept that the forward bulkhead access door houses a vent fitting while the aft bulkhead 
houses the propellant outlet and drain line fitting.   The maximum operating pressure 
difference, as a result of hydrostatic head, between the lower and upper bulkhead was 
not sufficient to warrant the use of a different gage thickness. 

5. 5. 2   TANKAGE SUPPORT SYSTEM — The design of the tankage support system and 
fittings are shown in Figure 74.    Four support points connect the tankage sys- 
tem to the spacecraft, two forward and two aft, all located on the hydrogen tank.   The 
forward supports react tankage loading only in the vertical plane, while the aft supports 
react loading in all directions.   Reaction of all longitudinal loading by the aft supports 
removes the structural weight penalties of carrying this high loading through the space- 
craft and provides the basis for a simple separation technique of the tankage system 
during staging.   Separation is accomplished by disconnect of the forward supports 
through the use of linear shaped charges which allows the tankage system to rotate 
downward about a shaft incorporated in the spacecraft support fitting.   Vertical dis- 
placement of the aft supports about the tankage centerline plane encourages downward 
rotation.   Should the response time of separation be too slow, it is assumed a small 
solid propellant thruster installed at the nose of the tankage system would supply the 
required moment response. 

The forward tankage support fittings attach to the spacecraft at the cabin aft pres- 
sure bulkhead.   These fittings are designed to allow free relative motion between the 
tankage system and spacecraft in all but the vertical plane.   This prevents loads being 
induced as a result of thermal and mechanical contractions and expansions.   The most 
significant relative travel between the tankage system and spacecraft occurs during 
propellant loading when the tank contracts 4.8 inches between supports, due to the 
temperature change from 70° F to -423° F.   The bearing slide surfaces of the fittings 
are hard anodized and coated with teflon.   The support fittings are insulated where 
possible to minimize heat leaks into the tank.   Severance of these supports at staging 
is accomplished by the use of linear shaped charges.   Redistribution of the support 
loading is accomplished by the use of a heavy frame fusion butt-welded into the basic 
shell structure. 

The aft support system is tied directly through into the spacecraft's basic thrust 
structure and reacts loads in all directions.   The supports incorporate a shaft in the 
core-stage fitting and a partial bearing housing in the tankage fitting, retainer rings 
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on the shaft provide lateral load capability.   Under tankage separation conditions, the 
partial housing rotates about the shaft until some prescribed angle is reached whereby 
the disconnect is accomplished.   Backup structure to the tank fittings consists of a 
heavy frame at the support location, main shell/bulkhead juncture, and a longeron 
approximately 38 feet long.   The longeron is internal to simplify the insulation instal- 
lation, prevent adverse thermal stresses, and reduce heat leaks into the tank. 

5.5. 3 INSULATION SYSTEM — The insulation requirements for the LHg tank pre- 
liminary design were determined from evaluation of insulation concepts and materials, 
Section 3. 4, and the results of the overall tankage system tradeoff study. Section 4. 0. 
The insulation system is an external sprayed-on closed-cell Polyurethane foam which 
is then machined down to a minimum practical thickness of 0. 5 inches and covered with 
a seal coat of polyurethane and a vinyl topcoat.   This insulation concept is being used 
on the Saturn V S-II stages, eight and on, and is the simplest, cheapest, and most 
efficient proven system in present use.   The insulation is easy to install, readily 
repaired,  and has a much greater bonding reliability than any of the bond-in-place in- 
sulation systems.   Detailed cost data on installed insulation systems for cryogenic 
tankage in aerospace applications is extremely scarce and can rarely be broken out 
from total tankage costs.  However, from these limited data sources, it becomes 
obvious that insulation systems are only low cost on a comparative basis and will 
always represent a significant portion of the total cost of a tankage system.   To 
obtain a greater insight into why this is so, a trip was made to North American- 
Rockwell, Space Division, Seal Beach, California to obtain further design,  fabri- 
cation and cost data. 

Primers are applied to the aluminum tank prior to foaming primarily to prevent 
corrosion during handling and from the freon and moisture in the foam.   The foam is 
sprayed on cylinder sections of the stage by rotating the cylinder past oscillating spray 
nozzles.   The foaming is done in one pass.   Rotating the cylinder past the spray nozzles 
takes about 20 minutes.   The foam sets and forms a rind or skin 30 seconds after the 
two components are mixed.   All the foam to be applied to a given area must be built up 
in that 30 second period.   Rind formation is faster at lower temperatures.    The tank 
structure and air temperature should be about 75° F to prevent too rapid curing.   This 
has caused a particular problem making repairs outside In the winter. 

The cylinder sections (each one-sixth of the tank height) are welded together in 
quarter panels.   The welds are masked and the cylinder section spray foamed.   The 
excess foam Is machined off with an 8-lnch diameter phenolic milling head.   The 
plastic milling heads are used to prevent nicking and damaging the aluminum tank with 
a hard cutter.   Stiff fiberglass protective cover panels are strapped on the machined 
foam surfaces to prevent damage.   The six cylinder sections are welded together and 
the tank fabrication completed.   The forward bulkhead Is spray foamed In gores and 
welded together. 
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The foam thickness on the forward bulkhead is 1/2 inch (+1/4, -0).   After the tank 
is fabricated and all welds inspected and leak checked, the stage is moved into a special 
bay where spray-on foam close-outs are made over the weld areas.   Foam is not ap- 
plied directly to foam after curing.   It is trimmed and NARMCO 7343 adhesive is ap- 
plied to assure a good joint bond.   These close-outs are machined to the proper thick- 
ness.   The NO ECO BX 250A spray-on foam is an off-white, 2 lb/ft  density, material. 
A green 3 lb/ft   foam, CPR 369-3, is suitable alternate material.   NAR have had some 
difficulty obtaining repeatable constituency between batches with the CPR material. 

The polyurethane Chemseal 3547 is rolled on, three coats each about 5 mils thick, 
over the foam for weather protection from ultraviolet radiation and from rain.   The 
white vinyl paint is added for appearance.   The polyurethane Chemseal coat is neces- 
sary for protection from the elements, however, in some respects it is a liability.   It 
forms a sealed surface which traps gases and when the stage is tanked and detanked 
causes blistering and insulation failures.   North American has demonstrated this on 
test tanks; much less divoting occurred when foam was left uncoated during thermal 
cycles. 

Both the Chemseal 3547 and the foam will soften and erode at temperatures above 
300° F.   The insulation system was designed to erode up to 1/4 inch during a design 
flight condition.   The Chemseal 3547 softening point is such that it will erode or yield. 
It will not blister and trap gases when the foam starts to soften and decompose under- 
neath.   Softening and eroding are design criteria, but do not occur on a normal flight. 
On surfaces which project from the sides of the tank and would normally erode such 

as around fuel lines, 1/4 inch of 30 lb/ft  density cork is used for aerodynamic 
protection to prevent erosion.   North American had samples of eroded foam and cork 
protection which had been flown on the X-15 along a simulated S-n trajectory.   The 
foam appeared to have eroded uniformly and did not break or crack. 

The foam is sprayed onto the bolt-on ring, a ribbed section at the base of the stage. 
There are known voids in the foam in these areas, however, no attempt is made to seal 
them off or repair them unless an obvious failure occurs.   So far, these areas have not 
caused undue problems.    Failures which have occurred are repairable.   This insula- 
tion has the high thermal efficiency needed on a stage with a pressure fed fuel system. 
Since it is used on a one-shot vehicle, some failures are acceptable. 

The stage is given a cryogenic proof test at the Michoud Test Facility where it is 
first tanked with LH2 anc' pressure checked.   It is detanked and tanked again for a 
static firing acceptance test.   It then goes to the Cape and is assembled into the Sa- 
turn V launch vehicle.   About two weeks before launch, the countdown demonstration 
test starts at minus 108 hours.   At minus four hours, the stage is tanked for the third 
time and counted down to minus 17 seconds then detanked.   The actual time with LH2 
on board has been as long as 18 hours.   The spray-on foam has been applied to a Thor 
fuel tank and given eight thermal cycles and 52 pressure cycles.   Failures which occur- 
red were repairable.   The first stage to be completely spray foamed, S-II-8, has been 
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successfully cryogenic proof tested and static test fired at the Mlchoud facility.   Six 
repairable divots occurred after the cryogenic proof test. 

The cost of applying the insulation system including surface preparation (after the 
290°F cured primer is on), spraying on the foam and machining, applying the Chem- 
seal and vinyl paint is 13 manhours per square foot of applied surface.   The foam cost 
is $0.63 per pound or $1. 26 per cubic foot.   Estimated foam utilization is 40% for this 
operation.   Utilization is much less in other applications.   These costs do not include 
the forward bulkhead, close-out areas, honeycomb/foam inserts, or cork surfacing. 

Fabrication methods and installation procedures presently employed for insulating 
the S-n stage LH9 tank were used on this program rather than projecting less costly 
approaches that might prove to be impractical in actual application.   Foam installation 
is shown in Figure 75. 
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5.6   PROPELLANT FEED AND PRESSURIZATION SYSTEMS 

The propellant feed and pressurization systems of the preliminary designs were 
determined from the results of the overall tankage system tradeoff study.   The propel- 
lant feed system uses main-pumps-only (MPO) with a press urization system require- 
ment of maintaining a constant absolute ullage pressure from lock-up until 200 seconds 
into the flight when a 5 psl pressure spike is introduced.    This combined propellant 
feed and press urization system approach was determined as having significant advan- 
tages over a main pump-only system without a pressure spike or a boost pump aug- 
mented propellant feed system.   It provided a minimum LHg and LOX tank inert weight 
with a minimum insulation thickness requirement (0. 5 inches) for the LH2 tank and a no- 
insulation requirement for the LOX tank.   The associated maximum ullage pressures, 
inclusive of the 5 psi spike, are 35 psia and 25 psia for the LH« and LOX tank, respec- 
tively.   The boost pump augmented propellant feed system approach provided no signi- 
ficant advantages, but would have involved increased development and hardware costs, 
Increased system complexity and hence reduced system reliability.   The main-pump- 
only approach without a pressure spike associated itself with a much higher tank inert 
weight and for optimum considerations a 1. 25 inch thickness of insulation. 

The propellant feed system. Figure  76, provides for the transfer of propellants 
from the drop tanks to the core stage main engines.   The LOX Is fed to the main 
engine turbopumps through two Insulated suction ducts that connect the tank outlets on 
the aft bulkhead lobes to the cross-connected core stage engines through staging dis- 
connect valves.   The LH2 is fed the main engine turbopumps In a similar manner. 

The fill and drain ducts, 15,5-lnch-dlameter LOX lines and 1.50-inch-diameter 
LH2 line, were sized on a propellant flow rate of 1485 pounds per second based on the 
engine thrust of 635K and an ISp = 425 sec.   The mixture ratio used was 6:1.   A typical 
preliminary design fuel and oxldlzer flow rate of 60 ft/sec and 20 ft/sec, respectively, 
was used to establish the line sizes.   No attempt was made to Include line losses or 
optimize the line size as a result of engine characteristics, start transients, etc. 
Conventional aluminum propellant ducts with flanged ends are used.   Steel bellow type 
expansion joints are Incorporated and allow for differential expansion and flexing of 
the lines.   The LOX lines are provided with fixed end supports to the tank with allowance 
for thermal expansion In the center of the line length.   A collar type joint support Is 
provided on both ends of the flex joint to allow longitudinal motion.   The lines are insu- 
lated with cast-ln-place 3 lb/ft  density polyurethane foam, 1/2 Inch thick.   The gaps 
In the insulation for flex joints or bellows are covered with metallized mylar bellows. 
Problems of geysering axe not anticipated due to the use of insulation and the inter- 
connected dual propellant ducts which allow circulation. 

Staging disconnects for the propellant lines provide a worm gear motor driven actua- 
tor for retraction of the core stage Interconnect for staging clearance.   Butterfly-type 
closures are provided at the mating Interface to provide minimum spillage of residual 
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propellants upon disconnect.   Release of the interconnects can be phased to prevent 
simultaneous release of both LH2 and LOX in the same area. 

Both fuel and oxidizer tanks are pressurized in order to provide the required net 
positive suction head (NPSH) at the main engine pump inlets.   The oxidizer tank is 
pressurized from six spherical helium tanks, each 36-inch diameter and capable of 
holding 140 pounds of helium at 3000 psi.   The bottles, located in the core stage liquid 
hydrogen tank, take advantage of the cryogenic temperature, thereby permitting more 
pounds of helium to be stored.   The cold helium is regulated through a valve then fed 
through the engine heat exchanger.   The warm helium is then ducted through the dis- 
connect valve to the top of the LOX tank.   Vent and pressure relief valves on both fuel 
and oxidizer tanks prevent over-pressurization and maintain tank pressure with + 0-2 
psi.   The fuel tank is pressurized by gaseous hydrogen.   The liquid hydrogen is bled 
from the high pressure LH2 line at the engine, through a heat exchanger which con- 
verts it to a gaseous condition, and then through a pressure regulator to the LH2 tank. 

The propellant system weight summary is presented in Table XIII..  The propellant 
feed system for the drop tanks was assumed to include all hardware, valves, lines, and 
disconnects that stage with the drop tank, together with all hardware added to the core 
stage in order to deliver the propellants from the drop tank to the core stage main en- 
gines. 

Table XIII,   Weight Summary — Propellant Feed System and Accessories 

Oxidizer Fuel 

DROP TANK 

Feed Duct and Supports 
Staging Disconnect and Supports 
Main Duct Pre-valve 
Staging Shutoff Valve 
Feed Sump 
Vent Duct and Accessories 
Pressurization System Incl. Sup. 
Electrical lines for Valves, etc. 
Insulation (Fuel & Oxidizer Lines) 

Sub Total 

CORE STAGE 

Feed Duct to Engine 
Pressurization System (Bottles, etc.) 
Helium Tank Fill System 

Sub Total 

460.0 62.0 
240.0 216.0 
105.0 84.0 
84.0 76.0 
50.0 50.0 
79.0 126.0 

150.0 172.0 
75.0 65.0 
95.0 15.0 

1,338.0 

40.0 
1,031.0 

12.0 
1,083.0 

866.0 

41.0 
138.0 

179.0 

Total Propellant Feed & Pressurization System      2,421. 0 lb     1,045.0 lb 
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5, 7   WEIGHT ANALYSIS OF PRELIMINARY DESIGNS 

Theoretical weight of all major items of the tankage system were determined during 
the point design studies for various candidate structural mate rial/construction combina- 
tions by the use of a multi-station structural synthesis computer program.   For the 
tankage this also covered the influence that the operating pressure range, 20 to 50 psia, 
had on the total weight of the tank.   During the preliminary design study the increased 
weight required to provide for access provisions, propellant line penetrations, support 
system and backup structure, increased frame requirements, weld lands, etc., was 
determined by  detail weight calculations on the design parts.   The design weight of 
each element of a tankage system component was then compared to the theoretical 
weight and a "design factor " determined for both minimum weight and low cost 
approaches.   An example of these design factors are given in Figure 77 for the inter- 
secting cylinder assembly of the LOX tank, associated tank pressure of 30 psia.   Over- 
all and major element design factors for preliminary designs are given in Figures 78 
through 80 for the LOX tank, intertank adapter, and LH2 tanks respectively.   The 
intertank adapter (Figure 79 ) has the same design factors for both the minimum weight 
and low cost approaches, since the preliminary design also represents minimum cost 
for this material/construction combination 

These design factors were input into the multi-station structural synthesis program 
allowing for rapid computation of design weights for other than the preliminary designs. 
The results of this work is employed in the later parametric weight and cost data work. 
Section 6. 

The use of a design factor established for an aluminum material and monocoque con- 
struction is not truly compatible to use with other materials or construction forms, but 
due to the magnitude of the task to determine the appropriate factors, this approach 
was employed in order to obtain relative weight data.   H jwever, the potential does 
exist to incorporate such considerations in future work    An example of this is the 
requirement for weld lands which contribute a significant portion of the total design 
factor.   For the 2219-T87 aluminum alloy the required land thickness is 1.77 times 
the basic material gage for an as-welded condition.   This value is based on the ratio 
of base material strength divided by the allowable design strength of the as-welded 
joint.   The allowable design strength of the as-welded joint is 85 percent of the average 
weld strength determined by coupon testing.   The 85 percent value is recommended by 
MIL-HDBK-5 and accounts for a normal mismatch allowance and a level of weld defects 
normally found to exist.   By following this same approach for other materials equivalent 
factors can be established and input into the structural synthesis program as modifiers 
on the overall design factor. 
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CYL. SECTION ASSY (2) 
FRAMES   / .CENTER WEB ASSY (1) 

GUSSET 
(72) 

(36) 
FRAME 

WEB 
SKINS (4)    STA 

2 AREA SKIN = 255132 IN'2     440. 228 
1771. 75 FT^ 

AREA WEB «= 54633 IN2 

379. 40 FT2 

VOL.  = 12,485,198 IN3 

7,225.22 FT3 

,STA« 
819.818 

\MV " Y" SECTION (2) 

TANK CYL.  SECTION ASSY. 

THEORETICAL 

WT-LBS 

DESIGN 

WT-LBS FACTOR 

LOW COST 

WT-LBS FACTOR 

CYL. SECTION ASSY 
SKINS (4) 
FRAMES (18) 

TOTAL 
CENTER WEB ASSY 

WEB SKINS (4) 
FRAMES (36) 
Y SECTION (2) 
GUSSETS (72) 

TOTAL 
TANK CYL. SECTION ASSY 

CYL. SECTION ASSY (2) 
CENTER WEB ASSY (1) 

TOTAL 

1416. 00 1469. 00 

102. 50 

2021. 50 

102. 50 

1416.00 1571.50 1.11 2124. 00 1.50 

335. 44 

20.56 

366. 03 

83.74 

36.79 

26.44 

590. 03 

83.74 
36.79 

26.44 

356.00 513. 00 1.44 737. 00 2.07 

2832. 00 

356. 00 

3143. 00 

513. 00 

4248. 00 

737. 00 

3188. 00 3656.00 1.15 4985. 00 1.56 

CYL. SECTION ASSY 
FRAME LANDS 59.94 
WELD LANDS 46.06 
FRAMES 205. 00 

CENTER WEB ASSY 
FRAME LANDS 16.87 
WELD LANDS 13.72 
FRAMES 83.74 

DESIGN WEIGHT PENALTIES 

Y SECTION WELD LANDS      16. 23 
GUSSETS 26.44 

3188. 00 + 468. 00 = 3656. 00 LBS 

Figure 77.   Intersecting Cylinder Assembly Weights and 
Design Factors — LOX Tank 
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mm mm 

TRANSITION SECTION 

FRAMES 

CENTER WEB 

AFT BHD ASSY 

INTERSECTING CYLINDER ASSY 

LOX TANK 
COMPLETE ASSEMBLY 

THEORETICAL DESIGN LOW COST          | 
WT-LBS WT-LBS FACTOR WT-LBS FACTOR 

FORWARD BULKHEAD 11.0 15.0 1.45 24.0 2.28 
CONICAL SECTION 422.0 515.0 1.22 777.0 1.84 
TRANSITION SECTION 38.0 42.0 1.09 60.0 1.58 
INTERSECTING CYL. ASSY. 2832.0 3143.0 1.11 4248.0 1.50 
CENTERWEB 356.0 513.0 1.44 737.0 2.07 
AFT BULKHEAD ASSY. 476.0 647.0 1.36 1657.0 3.48 

4135.0 4,875.0 1.18 7503.0 1.81 

Figure 78.   Complete LOX Tank Assembly Weights and 
Design Factors — LOX Tank 
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FWDRING 
CENTER WEB 

STraNGER 

j              Intertank 
|               Adapter 

Theoretical Design & Low Cost     | 
Wt -Lbs Wt - Lbs Factor    j 

Skins (22) 934.98 1070.92 1.15      1 
Splice (22) - 46.30 j 

Stringers (264) 843.02 994.19 1.18      j 
i    Center Web (1) - 58.59 | 

Frames & Rings (14) 334.00 378.28 1.13      | 
;       Splice (30) - 9.45 { 

Doors (4) - 18.28 j 
2112.00 2576.00 1.22      I 

Figure 79.  Intertank Adapter Weights and Design Factors 
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5. 8  MANUFACTURING AND COST ANALYSES 

The total cost of a tankage system consists of development, production, and testing 
costs.   This study was limited to an analysis of the production phase including the 
costs associated with normal fabrication and assembly operations such as quality con- 
trol and quality assurance.   Detailed analysis of all currently available manufacturing 
and testing techniques were employed to insure that minimum manufacturing cost ob- 
jectives were achieved for the expendable tankage system.   In conflict with the minimum 
manufacturing cost objective was the complex LOX tank geometry and the design re- 
quirement for near minimum weight which must be achieved to make the overall vehicle 
concept feasible.   Manufacturing analysis on the producibility of the structural designs 
and their alignment to minimum cost approaches was a continuous task throughout the 
program.   The final structural designs for all elements of the tankage system reflect 
the results of manufacturing cost tradeoffs to determine the least cost manufacturing 
approach within the present state-of-the-art in fabricability and the structural weight 
limits imposed.    Preliminary evaluation of total inert weight of the overall tankage 
system indicated the lower mass-fraction constraint of 0. 94 would leave little room 
for low cost approaches and would likely require a minimum weight structural material/ 
construction approach.   The preliminary designs for each element of the tankage sys- 
tem were developed on the basis of employing the least weight structural material/ 
construction combination with consideration for a low cost approach within these con- 
cepts by use of part commonality, removal of sculpturing requirements, standard 
stringer height and pitch, and frames of constant section and pitch. 

Initial point design costs were developed using a computerized empirical cost 
method that was a subroutine of the multi-station structural synthesis program and 
allowed for rapid cost estimating on a wide range of structural material/construction 
concepts for all structural components.   The preliminary designs were costed by both 
the analytical method and a detailed in-house cost estimation method. 
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5.8. 1   GROUNDRULEF AND ASSUMPTIONS — The following groundrules and assump- 
tions were established in making the cost estimate. 

Schedule — A preliminary manufacturing schedule, Figure 81 , was established to 
assess the effect of schedule requirements on manufacturing activation, material pro- 
curement, factory lot sizes, and projected labor costs.   A production rate of one ship 
set per month, following first article acceptance was established as a realistic rate 
for determining the effect of follow-on production quantities of 50, 100, 150, and 200 
ship sets on cost. 

Materials — Mill run quantities of over 4,000 pounds for each of the different gages 
and shapes of the aluminum material were assumed for all production lots to minimize 
cost extras.   Standard, off the shelf, materials and the special mill run materials 
were costed in accord with projected commercial prices.   An allowance for suitable 
fabrication blank sizes and trim allowances was included where applicable plus a scrap 
allowance. 

Labor and Burden — Current and forecast labor rates, overhead and G&A for General 
Dynamics Convair, San Diego were used as the basis for establishing a dollar value for 
the direct labor hours developed in the cost estimate.   The rates and burden are be- 
lieved to be close to the industry average and were, therefore, used without change. 
No profit was added.   Only those tasks determined to be of a recurring nature were 
included in the estimate. 

Manufacturing Lot Sizes — The following lot sizes and attrition rates were assumed 
in calculating fabrication costs: 

Parts 
Class 

Lot 
Size 

Simple detail parts fabricated from inexpensive 25 ship 
material such as: clips, angles, etc.    Mfg.  run time    sets 
not to exceed 0, 20 standard hours per part. 

Attrition 
Rate 

1 

2 More complex detail parts fabricated from less 
than 250 sq, in. of sheet stock or 8 feet of extru- 
sion bar or rod.    Mfg, run time not to exceed 
0, 40 standard hours per part, 

3 Detail parts not in Class 1 or 2 such as: machined 
rings, tank panels, longerons, dome ends and 
bulkhead gore sections. 

10 ship 
sets 

1 ship 

10% 

8% 
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Chemical Müling — Sculpturing of tank skins by chemical milling was limited to the 
creation of required weld land thicknesses based on 56% weld joint efficiency.   Maxi- 
mum depth of chem milling was assumed as not to exceed 0.100 inch with process con- 
trolled to minimum skin thickness or a maximum part weight. 

Weld Procedures — Aluminum fusion welding was assumed to be in accordance with 
MIL-W-8604.   Resistance welding requirements were based on MIL-W-6858C. 

Weld Acceptance Standards — Non-destructive inspection requirements on all welds 
was assumed to be in accorance with the procedures of MIL-I-6870B. 

Fusion weld acceptance was based on MIL-R-45774 (ORD) for Class n weld to minimize 
welding costs.   Radiograph inspection was limited to examination of a "start up" weld 
test for each new setup, and a random sampling procedure of not to exceed 10% of the 
production tank welds.   Dye penetrant inspection per MIL-I-6866 Type IIA will be per- 
formed on all fusion welds. 

5. 8. 2  INFLUENCE OF DESIGN REQUIREMENTS ON MANUFACTURING — Manufac- 
turing analyses on the producibility of the tankage system component designs was a 
continuous task throughout the program.   These analyses clearly showed the conflict 
that the complex tank geometry and restricted weight of the overall tankage system had 
on obtaining a low cost design.   The requirement for a minimum weight tankage sys- 
tem requires, among other things, sculptured skin panels in both the LOX and LH2 
tanks.   This is due to the need for lands to compensate for the loss of strength at the 
weld joint.   Sculpturing of skin panels whether by mechanical or chemical means rep- 
resented significant added cost.   Two major cost items are the propellant and insula- 
tion systems.   The high cost of the total propellant system results from the high cost 
of the hardware items such as valves, disconnects, etc.   Despite the high efficiency and 
the relatively low cost of the foam-in-place polyurethane foam insulation system when 
compared with other proven systems it still represented a large portion of the total cost 
of the tankage system.    Removal of insulation from the LOX tank and reducing insula- 
tion thickness to a minimum on the LH» tanks, on the final tank designs, significantly 

reduced manufacturing complexity and associated cost.   Further details on the influence 
that design requirements had on manufacturing are derailed below. 

5.8. 2.1   Lox Tank — Convergent intersection of the two cylindrical sections create the 
need for a center web of elliptical shape and result in a varying angle valley joint that 
is difficult to fabricate and expensive to assemble.   The flanges of the center web "Y" 
section cap vary from an included angle of 180 degrees at the forward end to 62 degrees 
at the aft end.   Mating of the intersecting cylindrical section assembly with the aft end 
closure assembly is also complicated due to its large size and figure-of-eight cross- 
section.    This requires extensive weld fixturing and multiple weld setups.   Mating of 
the forward end of the intersecting cylinder sections with the conical section assembly 
requires a contour formed transition section which must be fitted and welded to both 
sections.    This again requires complex weld fixtures and multiple weld setups.   A 
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significant reduction in manufacturing complexity and associated cost was made when 
the overall tankage system tradeoff disclosed that an insulation system was not required 
for the LOX tank. 

5. 8. 2. 2 Intertank Adapter — The intertank adapter is essentially two mated cylinders of 
simple sheet metal skin/stringer/frame construction.   The mating of the shells and the 
center web, elliptical in shape, adds considerable complexity to the detail parts and 
final assembly operations due to the varying angle of attachment and integrally stiffened 
web that requires welded attachment to the LOX tank aft bulkheads Intersection. 

5. 8. 2. 3   LH2 Tank — The LH2 tank, essentially simple in shape, is complicated by the 
tank support system which is an integral internal longeron type fitting welded into the 
aft cylindrical section of the tank.   The longeron is tapered and approximately 520 inches 
long and includes a short bolt-on exterior fitting at the aft end.   Insertion of the longeron 
into the cylinder section cuts the frame sections which must then be clipped to the longer- 
on.   The longeron fitting in the cylinder section also complicates the weld fixture and 
weld procedure which must be designed to accommodate the non-uniform longeron skin 
panel. 

The LH2 tank requires insulation over the entire external surface in order to prevent 
cryopumping of the atmosphere and excessive boiloff of the propellant.   None of the in- 
sulation systems employed to date can be described as low in cost.   One of the more 
cost effective systems, and the method proposed for the propellant tanks in this study, 
is the sprayed-on foam method successfully employed by North American on recent 
Saturn S-II stages.   In this system, the foam insulation is sprayed on the pre-primed 
exterior surface of the tank components except for weld joints which are left exposed. 
Foam is then milled to pre-determined thickness.   Following tank assembly and leak 
test, the foam adjacent to the weld joint is trimmed back, primed and re-sprayed with 
foam.   Excess foam is maciined off flush with original foam surface.   Three rolled-on 
coats of polyurethane seal the exterior surface.   A spray-on coat of paint is added for 
appearance.   Insulation requirements for the study vehicle LH» tank are similar to 
those of the Saturn S-II stage and application costs are comparable.   Insulation applied 
at the detail or subassembly level, to simplify application and machining operations, 
complicates handling procedures and Increases possibility of damage.   All in all the 
insulation system, as presently conceived, still represents a major portion of the total 
manufacturing complexity and cost. 

141 



-»^^ 

5.8.3. FABRICATED DETAIL PART ANALYSIS AND COST - To support manufac- 
turing analysis and associated cost data of the preliminary design tank elements they 
were compared with known costs of similar fabricated hardware.   Data thus developed 
was used to check the accuracy of the expendable tank cost estimate and to establish 
design, material and fabrication cost relationships useful for forecasting hardware 
costs and selecting the lowest cost design approach.   Elements analyzed included dome 
end closures or bulkheads and tank cylindrical panel sections.   It should be noted that 
costs are for material, fabrication and inspection costs of bare structural elements only, 
and thus may appear to be unusually low at first glance, when compared to overall tank 
manufacturing costs. 

5.8.3.1   Dome End Closures — Two basic types of end closures were analyzed for 
application to the study tankage; gored and welded domes and one piece domes.   Both 
types were required to be hemispherical in shape and made from relatively thin gage 
high strength materials. 

Gored and welded dome ends for aerospace applications are generally used for 
domes above 10 feet in diameter due to limitations of material blank size and forming 
equipment.   The elliptical bulkhead shown in Figure 82 is representative of this type. 
It is made from net trimmed, stretch formed, Type 301 3/4H ORES gore sections 
joined by fusion butt-welding.   Cost of the same bulkhead made from 2219 aluminum 
alloy would be nearly the same, assuming the same design requirements. 

One-piece high-strength hemispherical dome ends are usually made by draw forming 
or spinning.   Drawn bulkheads are generally limited to approximately nine feet in diam- 
eter due to limitations of material blank size, and press capacity.   Tooling costs for 
draw forming are two to three times higher than for spin forming.   Draw forming is 
therefore usually limited to parts with large production runs, where the higher tooling 
costs can be offset by the lower fabrication costs.   Spin forming is most usually em- 
ployed for short run dome production and larger dome ends.   A typical high-strength 
2219 aluminum alloy conventional spin formed one-piece dome end, fabricated for a 
recent LH2 research test tank, is shown in Figure 83 together with associated cost 
data.   Annealed material blanks were spun to a finished contour using two intermediate 
anneals to prevent cracking.   The domes were solution heat treated to -T42 condition 
just prior to the final pass on the finish spin operation.   The exterior surface of the 
domes  was machined to remove spinning marks, provide a uniform wall thickness and 
a required surface finish.   The cut-out for an access door and trimming was also ac- 
complished at this time.   After machining, the domes were age-hardened to a -T62 
condition.   One-piece domes of approximately the same size and configuration are 
reported to have been draw formed from 2219 aluminum with material in the -T37 
starting condition permitting a final material condition of -T87, Reference 12. Cost 
of these bulkheads is not known, but considering the tooling requirements and the steps 
involved in forming the domes, they are believed to equal or exceed those of the equi- 
valent bulkhead fabricated by spin forming. 
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.020 

Gores  (11) 

1     Material Blank 

lype & Condition 301 l/k H ORES                                             1 

■     Size & Gage .02h X 36.00 X 120.00                               | 

Weight 330 1b                                                   { 

Cost @ $ 1.50/Lb $495                                                        | 

Attrition 1^ 5 

1     Total $500                                                        1 

Unit 1 Unit 100**  j 
| Finished Dome   Cond. 301 3/4 H 

Weight (lbs) 126 

Surface Aiaa (ft2) 126 

1 Fabrication Cost ($) * $1740 $      846    j 

Cost/lb.( Labor & Mat'1) $       18 $         I2    | 
Cost/ft2                        | $       18 $        12    1 
»includes inspection **88% learning 

Figure 82.   Atlas SLV-3 Intermediate Bulkhead 
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8.00 Dia. 

87.600 I.D. 

Ellipsoidal Contour 

a = 43.80     b = 36.50 

Material 

Type & Condition 2219-0 plate 

Size & Gage .350 X112.0 X112.0                                   1 

1    Weight kk& Lbs                                                        | 

|    Cost @ $.68 $305                                                              j 

Attrition 20% $ 61 
$366                                                    \ 

Unit 1 Unit 50 * 

1 Finished Dome    Cond. 2219-T62 

■    Weight (Lbs.) 197 

|    Surface Area (ft^) 87 

| Fabrication Cost   ($) $3,2^5 $1,294        | 

|cost/lb.(Labor& Mat'l) $18 $       8         1 
Cost/ft2 $42 $      19        | 

Figure 83.   LH« Research Tank Dome End 

*Q5% Learning 
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A one-piece dome end was chosen for the LOX tank forward end closure.   The size 
is within acceptable economic limits and it has the advantage of not requiring welded 
joints.   Analysis of this end closure as a one-piece spinning is presented in Figure 84. 
Spinning was selected as the most efficient way of producing the dome end because of 
its size, which is approaching the maximum limit for draw forming, and the relatively 
low tooling cost for the production quantities anticipated.   Costs given were developed by 
in-house detail estimating and confirmed by a fixed price quotes from qualified spinning 
houses.  One-piece, 14 foot diameter dome ends fabricated by either spin or draw form- 
ing were not considered feasible for the study LO2 and LH2 tanks for the reasons 
previously discussed.   Accordingly, gored bulkheads such as used on Atlas, Centaur, 
Titan and Saturn propellant tanks were used for the 14 foot diameter end closures. 

5.8.3.2  Main Shell Panels — The optimum design for the main shell of the LH2 tank 
required it to be of skin/stringer/frame construction fabricated from the 2219 aluminum 
alloy.   Review of aerospace tankage systems showed that the Titan vehicle and Saturn 
S-IC stage tanks employ longitudinal tee stiffened panels with frames and slosh baffles 
mechanically attached to the flanges of the tee-sections.   The Titan main shell skin 
panels are machined from 34-inch wide 2014 aluminum alloy extrusions, 12 and 20 
feet long, while the S-IC panels are machined from 2-inch 2219 aluminum alloy plate, 
121 inches wide and 310 inches long.   The Saturn S-II and S-IVB stage LH2 tanks em- 
ploy integral pocket milled 2014 aluminum alloy plate.   The configuration of the S-n 
pockets are rectangular with the longitudinal blade stiffeners serving as stringers and 
the circumferential stiffeners providing for mechanical attachment of frames.   The 
S-IVB main shell panels have a 45 degree, 9-inch square waffle pattern and do not em- 
ploy frames or slosh baffles.   Panel constructions similar to those discussed above 
were analyzed on the basis of cost effectiveness for use in the LH» tank cylinder sec- 
tions. 

Panels machined from aluminum plank extrusions are available in lengths of 40 
feet or more, but are limited at present to maximum widths of approximately 34 Inches. 
The nature of the extrusion process requires a heavy minimum part cross-section if 
wide panels are required which in turn usually require extensive machining on all sides 
of the extrusion to maintain acceptable part dimensional tolerances.   The relatively 
narrow available extrusion width also means that many longitudinal welds are required, 
a minimum of 16 panels in the case of the 14-foot diameter LH2 tank cylinder section. 
Long uninterrupted milling cuts with large diameter end and side milling cutters are 
possible on this type of panel resulting in efficient metal removal rates.   A represena- 
tive milled skin/stringer panel is shown in Figure 85.   These panels are ust i in the 
vertical wing box of the C-141 aircraft empennage.   Although this is not a tankage 
application, the fabrication problems are similar.   Several hundred panels of this type 
have been produced.  Machining costs for this part are slightly higher than would be 
anticipated for a tank panel because of the complexity of the part. 
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.oko 

26.25 Dia 

62.824 0..D. 

lype & Condition 2219-0 Alum Plate 

Size & Ga^e .125 x 96.0 x 96.0 

Weight 117.5 Lbs. 

Cost @ $ 1.38/Lb $162 

Attrition    10^ 16 

Total $ 178 

Unit 1 Unit 50** 

Finished Dome 2219-T62 

Weight  (lbs) 21* 

Surface   ^rea  (ft2) 36* 

Fabrication Cost($) $1,200 $550 

Cost/lb.(Lbr & Matl) $66 $35 

Cost/ft2 $38 $20 

♦includes 26.25 dia. cutout **87% learning 

Figure 84. L0X Tank Fwd Closure 
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EXTRUSION    LS39021-1 

\        •*** | j 

r 

I .090-i 

' I    1 1 2.200 L 1.640 (MIN)1 

(MAX) -*—~ 

EXTRUSION LS39021-1 
MAT'L - 7075 T6511 EXTRUSION 
LENGTH ■ 408" 
WEIGHT @ 2.78LBS/1N.  = 1134 LBS. 
CROSS SECTION » 27.53 SQ.IN. 
VOLUME 27.53 x 408 = 11,232 CU.IN. 
EXTRUSION COST: 

1134 LBS @ .80A.B.  = $907.20 
ATTRITION 7.5% 68.04 

TOTAL   $975.24 

EXTRUSION DIE COST        $4,500.00 

SECT. AA 

407.54 

(34« APP 

•'^ 

.250 

.124 

FINISHED SKIN PANEL AT 12011 - 101 A 
PANEL WEIGHT (LBS) = 144 MIN., 150 MAX. 
PANEL VOLUME (IN.3) = 148 
MATERIAL REMOVED (IN.3) = 9, 747 I 
MACHINING COST  
COST PER LB. (LABOR & MAT'L) J 
MACHINING COST OF MAT'L REMOVED 

PER INCH3 I 

»INCLUDES INSPECTION, 7.5% REJECTION, &  9 

I 
\. 

J 



r 

EXTRUSION     LS39021-1 

2. 551 TYP 

SECT.  AA 

407.54 

(34'APP.)     ^^ 

t AT  12011 - 101 A 
BS) = 144 MIN.. 150 MAX. 
N.3) = 148 
ED (IN.3) = 9,747 UNIT 1 UNIT  100 
L   $2,756.82 $1,369.04 * 
^BOR & MAT'L)  24.88 15.62 
DF MAT'L REMOVED 
L $ .28 $ .14 

^ON, 7.5% REJECTION, &   DOT LEARNING 
Figure 85.   Typical Extruded, Milled Skin/Stringer Panel 
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Integrally milled grid stiffened panels offer advantages of large size, thus minimizing 
the amount of weld joints required to produce large cylinders.    Panel sizes measuring 
10 feet in width by 30 feet in length are considered practical.   A typical panel of this 
type is shown in Figure   8G.   Over one hundred of these panels have been machined to 
date by McDonnell-Douglas for the Saturn S-IVB stage, Reference 13. Machining costs, 
it will be noted, are competitive with the extruded skin-stringer panels despite the rela- 
tively inefficient finish pocket milling operation which requires finish milling of each 
pocket with a small (11/16 ") diameter end mill to obtain required corner radii.    This 
is because the pocket sizes are large enough to permit the use of efficient 1-1/2 diam- 
eter end mill cutters for the rough cutting.    When the pockets are small the effect on 
material removal rates is quite pronounced.    Ten each of the integrally stiffened test 
cylinder panel sections shown in Figure 87   were machined at Convair as part of a 
NASA structural cylinder test program, Reference 14. Material removal costs for 
these panels are almost double those of the S-IVB tank panels.   The lesson here is 
obvious — keep the pockets as large as possible to reduce machining costs. 

Determination as to which of the two types of integrally stiffened tank panels was 
the most cost effective for expendable LH2 tankage was not necessary since the extru- 
sion approach, using frames attached to the stringer caps, was determined as being 
unable to transmit the shear and torsion loading.    The 45 degree waffle pattern struc- 
tural concept was also eliminated as a final design consideration due to its limited 
efficiency in transmitting shear and torsion loading.    This results in increased weight 
without any associated cost reduction.    The construction chosen was integral pocket 
milled aluminum plate, longitudinal blade stringers at 4-inch spacing and circumferen- 
tial stiffeners at 26 inch spacing providing for the mechanical attachment of frames. 
Maintaining a constant stringer height, 1. 25 inches, and the use of sheet metal con- 
stant frame sections were found to produce a significant cost reduction and were in- 
corporated into the design. 
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56.56 (FIN.) 

58.60 
(INCLUDES   2" 

TOOLING ALLOWANCE) 
1" x 2" POCKETS (576) 

1.00 TYP. 

4.30 (TYP.) ft,a      4.30 (TYP.) 
032 ^r-' 

TYP.   \ 

.032 TYP. 

.350 

1" x 6" 
POCKETS (192) 

096 TYP. 

0.025 TYP. 

CYLINDER PANEL #1 
CYLINDER PANEL #2 
0AME AS CYL. PANEL #1 EXCEPT AS SHOWN) 

RAW MATERIAL 
TYPE - 2219-T351 ALUM. PLATE 
BLANK SIZE    . 50 x 30,0 x 60.0 (900 IN .3) 
WEIGHT  @  .102LB/1N.3 =91.8 LBS 
BLANK COST 

91.8 LBS  §  |0.835/LB  = $76.65 
ATTRITION  14% 10.73 

TOTAL     »87.38 

»INCLUDES raSPECTION It 14% REJECTION 

FIRST UNIT COST 
CYLINDER CYLINDER 

FINISHED PANEL PANEL   »1 PANEL  #2 
PANEL VOLUME fN.3) 112 112 
PANEL WEIGHT (LBS) 11.5 11.5 
MAT'L REMOVED (DJ.3) 788 788 
MACHINING COST $371.28 $277.68 
COST/LB (LABOR L MAT'L) $ 39.88 » $ 31.74» 
MACHDJINQ COST OF MAT'L 
REMOVED (IN.3) *    0.47 $0.35 

Figure 86. Integrally Stiffened Test Cylinder Panel 

116.7 
RAW MATERIAL 

TYPE - 2014-T4S1 ALUM. MILLED PL*>TE 
BLANK SIZE - . 750 x 126.0 X 276.0 = 26,082 IN.3 

WEIGHT § .101/lN.3 « 2,634 LBS. 

BLANK COST 
2,634 LBS  @    $ .66/LB. =      $1,738.44 
ATTRITION   5% $     86.90 

TOTAL $1,825.34 

FINISHED SKIN PANEL 
PANEL VOLUME ffN.3) 
PANEL WEIGHT (LBS) 
MAT'L. REMOVED (DJ.3) 

MACHINING COST 
COST PER LB (LABOR ft MAT'L) $ 
MACHINING COST OF MAT'L 
REMOVED (IN.3) $ 

b,009 
607 

20,073 

UNIT 1 UNIT 100 
$4,865 $2.423* 

)$      11.02 $        7.00 

.24 .12 

.276 
* INCLUDES INSPECTION,  5% REJECTION,  & 89% LEARNING 

Figure 87. Integrally Milled Waffle Grid Stiffened Panel 
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5. 8. 4   MANUFACTURING METHODS AND PROCESSES - Manufacturing methods and 
processes were reviewed for alignment to minimum cost objectives within specified 
weight restrictions on the designed parts.   The results of this work are detailed below. 

5. 8. 4.1   Welding — Automatic tungsten inert gas (TIG) fusion buttwelding using D. C. 
straight polarity was selectee as the principal method for joining the major components 
of both propellant tanks where joint thicknesses did exceed . 25 inch.   Automatic MIG 
(metal arc inert gas) welding was used for joint thicknesses above . 25 inch because 
th s process becomes progressively faster than TIG welding as the joint thickness in- 
creases and there is a lower level of heat input into the weld joint. 

The likelihood of a somewhat higher level of internal weld defects (porosity) in the 
MIG process is recognized but is believed to be more than offset by the higher welding 
speeds possible.   Allowance for a higher level of internal weld defects was made by 
increasing the weld land thickness.    This increases raw material and skin sculpturing 
costs to a certain extent and adds slightly to the tank weight but this is offset by making 
the joint fltup less critical and the weld inspection requirements less demanding.   This 
was verified by cost tradeoffs. 

Extremely demanding joint fitup tolerances limited consideration of the electron 
beam (EB) welding process.   Tooling and facility costs for EB welding were also con- 
sidered to be excessive for this application. 

Resistance spot welding was selected for attaching frames and stiffeners to tank 
skins and web and TIG fusion spot welding for attaching the gussets to frames and 
stiffeners.   Resistance spot welding wan selected for most of the spot weld operations 
because it is a faster process than the TIG spot method and its reliability greater. 
TIG spot weiding was selected for attaching the gussets because of thö limited access 
for spot welding which severely restricts the use of bulky resistance welding equipment 
with heavy power cables ana water cooling lines. 

5.8. 4. 2   Forming — The 64 " diameter forward dome closure on the LOX tank is a 
conventional spun part.   It will be machined (turned) on the outer surface after spinning 
to provide a uniform thickness for subsequent sculpturing by chem-milling to produce 
the required weld lands.   Alternative methods of forming the dome end, which included 
draw forming and shear spinning were found to involve greater cost during a tradeoff 
study. 

Aft end closure and transition section for the LOX tank and the end closures for the 
LH2 tank are constructed by welding preformed detail parts.   Material size limitations 
in the starting blank and forming equipment capability preclude making these 168 inch 
diameter sections in one piece.   Detail parts for these assemblies are stretch formed 
to contour from sheet or plate gage material, chem-milled to produce weld lands, 
trimmed to size and welded together.    Alternate forming methods including press 
forming or dishing of detail sections and combinations of roll forming and bulge forming 
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were considered but not found as cost effective. 

Conventional brake forming was employed for forming conical and cylindrical skin 
panels for both tanks and pinch roll forming and radial draw forming for tank frame 
sections.   Hydraulic expanding mandrells are employed for final sizing of the one-piece 
welded frames sections in the conical section of the LOX tank. 

5. 8.4. 3  Machining — Skin panels for the U^ tank sections are milled in the flat from 
10 by 30 feet aluminum plate stock.   Three axes N/C bed type skin vnilling equipment 
with three independent mill heads mounted on a travelling gar ,y was assumed for all 
milling operations.   The major portion of the task will be an end type milling operation. 

5.8. 4.4  Chemical Milling — Tank skin panel sections for the LOX tanks were made 
from flat and preformed sheet gage material sculptured by chem-milling to produce 
required weld lands and attach pads.    Chem milling was determined to be more 
efficient than mechanical milling when removing aluminum in amounts up to . 12 inches 
in thickness.   It is of particular value in sculpturing preformed parts such as the for- 
ward and aft dome closures and the conical tank panel segments. 

To achieve the maximum cost effectiveness of the process, the depth of chem mill- 
ing was limited by a not to exceed minimum skin thickness.   Maximum thickness 
was controlled by part weight.   This eliminates the need for a large amount of 
secondary chem-mill operations to maintain tight dimensional tolerance control and 
does not jeopardize part quality. 

5. 8. 4.5 Quality Control and Assurance — A final proof pressure test and leak check 
test at the contractors facilities is planned to minimize in-process inspection.   Relax- 
ation of fusion weld acceptance standards permitting some scattered porosity is compen- 
sated for by using lower design allowables on the buttwelded joints.   The planned radio- 
graphic inspection of fusion welded joints is limited to daily verification of weld sched- 
ules and a 10 percent selective inspection of production welds.   Dye penetrant inspec- 
tion of fusion welds, a relatively low cost inspection method for detecting external 
weld defects, will be conducted on all weld joints. 
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5. 8. 5  COST ESTIMATING METHODS — Two methods were employed for costing the 
expendable tankage system preliminary designs:   (1) a computerized empirical method 
that was primarily used for tradeoff studies on structure in the point design phase and 
determination of parametric cost data, and (2) a detailed in-house costing method 
normally employed in costing major programs.   The empirical costing method was 
fully described in Section  3. 5     and was only updated in this phase of the work to in- 
clude realistic design weights.   The detailed cost estimation method and supporting 
requirements are described below. 

The detailed method of cost estimation used on this program for the preliminary de- 
signs is an Automated Computation of Estimates System (ACES) which is an integral 
part of the Convair Integrated Management System (CIMS) and is capable of producing 
cost estimates sufficiently accurate to bid major contracts.   This method of estimation 
relies on industrial analysis techniques requiring task definition documents such as 
a Work Breakdown Structure (WBS), Manufacturing Breakdown Structure (MBS), and a 
Task Control Record (TCR) system that form a formal part of Convair's procurement 
estimating system.    This cost estimation method is exemplified in Figure    88.  .   A 
limitation of tnis method was found to be that it can only produce good cost data if the 
level of design and fabrication breakdown supplied is sufficiently detailed.    As the de- 
sign progressed from the point designs through to the final preliminary designs, the 
manufacturing costs of the components significantly increased.    This is an inherent 
limitation of this cost estimating method and is not in its present form adaptable to 
preliminary design costing.   In this application it was necessary to carry the struc- 
tural design close to a production level in detail before accurate costing could be 
assured. 

5. 8. 5.1   Task Definition — Each item of the tankage system to be costed was defined 
by the Work Breakdown Structure (WBS) document, Figure 89 , with each item given 
a Task Control Record (TCR) number.   Manufacturing plans were developed for 
each item of the tankage system and included a Manufacturing Breakdown Structure 
(MBS) to establish the manufacturing breakdown and assembly sequence.   The MBS for 
the nose fairing, LOX tank, intertank adapter, and LH2 tank are shown in Figure 90 
through  93, respectively, 

5. 8. 5. 2   First Unit Recurring Costs — ''Tie results of the total expendable tankage 
system costing by both the detail estimate and analytical methods are shown in Table 
XIV.   The values given are the recurring costs for the fabrication and assembly of 
unit one.   The analytical method costs only the structural components of the tankage 
system.   The detail estimating method was used to cost the insulation and propellant 
system as well as the specific preliminary structural designs involved.   Structural 
subassemblies are costed within each of the tankage system major components by 
both costing methods, but are not directly comparable due to the detail estimating 
method breaking out separately the final assembly costs.   The total cost for each 
major structural component determined analytically are approximately twice that 
obtained by the detail cost method.   The analytical costs are aligned to the real cost 
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ESTIMATING 

DETERMINE STUDY COST 
SUMMARIZATION REQUIREMENTS 

PREPARE CONTROL INPUT FORMS 

PREPARE LABOR RATE INPUT FORMS 

\ PREPARE INDIVIDUAL TASK ESTIMATES 

ESTIMATE 
CARDS 

KEYPUNCH ESTIMATE DATA 

PREPARE ESTIMATE TAPE 

FROM 

»LIBRARY 

COMPUTED ESTIMATES 

PROCESSING 

TO TAPE LIBRARY 
FOR CIMS BUDGETS 
VIA CIMS ESTIMATING 
RUN 

REVIEW ESTIMATE   tn*i 
COSTS -^ 

Ü 
COST EVALUATION 

INCLUDE REQUIRED 
SUMMARIES IN 
STUDY 

Figure   88.     Automated computation of estimates system (ACES). 
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Nose Palring Assy 
(TCR 1210) 

Aft Ring 

Skins (4) 

Figure 90.   Nose Fairing Manuft. jturing Breakdown and 
Assembly Sequence 
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Figure 91.   LOX Tank Manufacturing Breakdown and 

Assembly Sequence 
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Figure 92.   Intertank Adapter Manufacturing Breakdown and 
Assembly Sequence 
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of past aerospace tankage structure and hence do not reflect any low cost considera- 
tions or other than conventional configurations.   The detail costing method on the other 
hand Incorporated considerable cost effectiveness considerations and were involved at 
a very detailed level with the specific configuration, material, internal geometry, 
etc.    Costing by this method was found to be very sensitive to the level of definition 
provided and it can be assumed that despite every effort to supply detail approaching 
that of production drawings, further definition would produce Increased cost. 

The total system costs show the cost of insulating the LH2 tank and the cost of the 
propellai.t system to represent a large portion, 45 and 18 percent respectively, of the 
total cost.    The high cost of the insulation system is due to requirements of installa- 
tion sequencing, and quality control and assurance.   No insulation system was gound 
to be truly low cost  vhen employed on a production program.    Tills Is an area of work 
that requires consul rable attention in both development and cost effectiveness. 
Actual cost data was extremely difficult to obtain and could be rarely separated from 
structuial costs.   Initial detail costing of the proposed insulation system produced an 
extremely low cost; however, as more Information on requirements of installation 
sequencing, together with quail .■ assurance specifications become available from Its 
developer, North American Rockwell Corporation, the costs took a drastic rise.   The 
final pricing corresponded reasonably well with ':he developer's cost figure of approxi- 
mately $200/sq. ft.    The propellant system high cost is due to the hardware Items re- 
quired such as the valves, disconnects, etc. 

The lowest cost structural component of ehe tankage system is the nose fairing at 
$46/sq. ft.  ($44/lb) which is natural due to its simple construction method. 

A relatively high cost is indicated for the intertank adapter by both costing methods, 
$140/sq. ft.  ($67/lb) and $255/sq, ft.  ($122/lb) respectively, despite Its simple con- 
struction method.    This is primarily due to the requirement for access and penetration 
provisions, and complex geometry at the Intersection of the two halves of the adapter, 
and the need for machined ring bolted field splices.   On a smaller adapter. Atlas/ 
Centaur, of similar construction the cost was $335/sq,ft.  ($172/lb).    The increase in 
cost is attributed to the greater number of doors (12) used and the higher proportion 
of structure having greater fabrication complexity.   A large intertank adapter, SIC 
stage, costed out at approximately $204/sq. ft.  ($42/lb). 

The cost of $104/» ,, ft. ($74/lb) for the LOX tank structure, by the detail estimat- 
ing method, appeals   »ius« .?;iy high for a light frame-stiffened monocoque construction. 
However, when the final assembly and the lower end closure subassembly costs are 
reviewed, it becomes obvious that the complex configuration of the tank has played a 
large part in these relatively high overall costs.    The only aerospace type tankage 
structure to which a cost comparison might be made are the Atlas and Centaur vehicles 
which have a cost assocsatJor; of $150/sq. ft.  ($124/lb) and $277/8q. ft.  ($264/lb) 
respectively.    Tiic high quality control and assurance measures required, material of 
construction, and the thi ; ga^es Involved account for the Increased cost of these tank- 
age systems over tlu   oi the jxpendable tankage system preliminary design. 
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The LH2 tank preliminary design has a rather conventional configuration and could 
be expected to produce reasonable unit cost despite its increased fabrication complexi- 
ty as a result of its construction, integrally pocket milled panels.   The detailed esti- 
mate cost was $112/sq. ft. ($55/lb) compared to $27l/sq. ft.  ($132/lb) for the analytical 
cost method.   The analytical cost compares well with the unit costs for the S-IC oxi- 
dizer and fuel tanks of $260/sq. ft. ($46/lb) and $330/sq. ft. ($63/lb) respectively, 
although of slightly differing construction.   The separate cost of the S-II tankage 
structure which has a similar main shell construction to that of the LH2 tank pre- 
liminary design could not be ascertained.   However, the structure plus insulation and 
possibly some of the propellant system produced a unit cost of $759/sq. ft. which is 
over twice that of the preliminary insulated LH2 ^^ design, $322/sq. ft.   This is 
probably due in part to the existence of a common bulkhead and the highly complex 
insulation system. 

5. 8. 5. 3  Influence of Production Unit Quantities on Unit Cost — Significant influences 
■1 recurring fabrication costs for a component are the number of units to be produced 
... (he time span over which they are to be fabricated.    Reduction in cost results as 

.   r. umber of units are increased due to the process of increased experience.   This 
i\crossed experience results from direct work efficiency, better planning and super- 

vision, improvement in tools and equipment, design improvement from cost effective- 
ness studies, improved quality control and inspection, etc.    This is considered to be 
especially true for the aerospace industry because the production quantities remain 
in the experience area where the improvement rate from unit to unit is relatively high. 
However, if the time span over which the components are to be fabricated is lengthy 
the influence of increase^ }■: truing tends to be offset by increased labor rates.   Also 
if the structural desi': i i   r.-.y state-of-the-art, the influence on continuous design 
changes also tend to i   „reise cost.   The influence of increased experience is generally 
representea by a "learning curve" which expresses reduction in unit cost as a func- 
tion of the number of units being produced, Reference 15, and is a power law of the 
form': 

-B 
K   = AN 

e 
where 

K      = cost, adjustment factor of specific production unit 

N      = consecutive number of a specific production unit 

A,B = constant, values of which are selected to express appropriately the 
relation for a specific situation 

The characteristics of this experience curve is that the unit cost decreases by a 
constant factor as the number of consecutive production units is doubled.   This con- 
stant factor is referred to as "percent learning". 
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6 

PARAMETRIC WEIGHT AND COST DATA 

During the program, tankage system component weight and cost was developed as a 
function of differing structural material/construction combinations and tank operating 
pressure.   Cost of major components were also developed as a function of weight, 
shape, size and structural material/construction combinations involved.   The influence 
of the number of units being produced (1, 50, 100, 150 and 200) had on cost was deter- 
mined for the preliminary tankage system design, Section 5.8.5.3.   The weight of the 
tank structure is given in Figures 95 and 96 and was included in this section to allow 
correlation between weight and cost to be made and hence cost effectiveness determined 

Cost data is presented on the basis of total cost, $/lb and $/ft.^ for the tanks as 
a function of nine structural material/construction combinations over a tank operating 
pressure range from 20 to 50 psia.   Cost data on the basis of $/ft.   was determined 
as not being a suitable cost figure of merit and hence not developed.   The present com- 
puter output of the cost subroutine only gives cost data on the basis of total cost and 
$/lb.   The cost data on the basis of $/ft.2 was determined by hand calculations, 
since sufficient time was not available to integrate this computation into the existing 
computer program.    Cost data on the basis of $/ft.2 was found to be a more appro- 
priate figure of merit than $/lb, since it exhibited cost trends of the same form as that 
of total cost for the differing structural material/construction forms and tank operating 
pressure.   This was found to be especially true where low cost considerations are in- 
volved.   In performing tradeoff studies it would be completely incorrect to judge the 
merits of differing designs on the basis of a $/lb cost since the associated weights are 
not the same and hence would not be representative of total costs.   Comparison of 
tankage total cost curves versus tank operating pressure with those based on $/lb show 
reverse trends for both the LOX and LH2 tank designs.    The error in the use of $/lb 
as a figure of merit when associated with low cost comparisons is well illustrated by 
comparison of the Centaur vehicle tank structure costs with that of a boiler-plate test 
article, Reference Section 3, 5.   The $/lb cost for the Centaur tank structure is $264/lb 
whereas that of the test article is $13/lb.   This results in an indicated cost ratio of over 
20:?, whereas the actual total costs have a ratio of slightly less than 2:1.   The repre- 
sentative costs using a $/lb basis have therefore an order of magnitude error in asso- 
ciation with a total cost comparison. 
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6,1   TRADEOFF STUDIES 

Review of the cost data developed for the LOX tank, Figures 97 through 99,show com- 
pletely erroneous conclusions will be reached if $/lb is used as a cost merit figure. 
Figure 97 shows that the least $/lb value is offered by a 5083-0 aluminum alloy mono- 
ooque construction, whereas, it is in fact not competitive from either a cost or weight 
standpoint.   The total LOX tank costs are 1.73 times that of the preliminary design and 
are 2.11 times as heavy.   The $/ft2 figure of merit Is obviously representative of 
total cost since surface area is a constant.   Hence, Figure 98 represents a true cost 
comparison of the various structural material/construction combinations over the tank 
pressure operating range.    The preliminary LOX tank design, 2219-T87 aluminum 
alloy monocoque construction produced the lowest cost at the optimum tank pressure of 
25 psia and the least weight realistic design.   Although skin/strlnger/frame and waffle 
constructions fabricated from the 2219-T87 aluminum alloy and the skln/stringer/frame 
construction fabricated from Alloy 718 In a heat treated and aged condition show a 
lower tank weight than the preliminary design, manufacturing and design review of the 
required internal geometry for these constructions showed them to be Impractical to 
fabricate.   The constructions also have a significantly Increased cost association.    Re- 
ducing the cost within the tank preliminary design, by removal of the skin sculpturing 
requirements, was traded off against Increased weight.   The results of analytical 
costing method showed this approach produced increased total tankage cost.   This is 
obviously in error since it is an additional fabrication task of reasonable magnitude. 
The limitations of the computerized costing method do not presently allow for consid- 
eration of such Influences although further development to account for them is feasible. 

Review oi the LH2 tank cost data, Figures 100 through 102, shows similar trends 
to that exhibited by the LOX tank cost data.   The use of $Ab as a cost merit function 
was again shown to produce erroneous consiusions in relating true cost relationships 
for the various structural mate rial/construction combinations and tank pressure para- 
meter. 
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7 
CONCLUSIONS AND RECOMMENDATIONS 

Minimum weight restrictions on the total inert weight of the expendable tankage system, 
lower limit on the mass fraction specified by AFFDL as 0.94, had a significant influ- 
ence on obtaining low cost association.   Program was limited to the use of aerospace 
design criteria, high strength materials, and efficient structural concepts with only a 
small amount of surplus weight to tradeoff against reduced cost. 

1. The design criteria specified by NASA for the man-rated Saturn V vehicle was 
employed.  The use of a more generous criteria would have resulted in being 
unable to meet minimum inert weight requirements. 

2. The specified tankage configuration, whereas, having structural and system 
advantages, was not aligned to a low cost approach.   This is due to the influence 
of the intersecting cylindrical sections of the LOX tank and their continuation 
into the inter tank adapter section. 

3. The high strength aluminum alloys were found to provide significantly reduced 
weight for all tankage system structural components and increased cost effec- 
tiveness when compared with other materials candidates.   This is primarily due 
to the low loading intensities involved and the material's excellent fabrication 
qualities.  The 2219 aluminum was chosen for the tankage and the 2024 aluminum 
alloy for the intertank adapter. 

4. Analysis on propellant sloshing showed that no stability problems existed for 
this tankage configuration due to the large frequency separation between the 
LOX first slosh mode and the vehicle control mode.   No structural modifica- 
tions were required as a consequence of sloshing problems for the LH2 tank 
and the light frame stiffening required to constrain the shape of the LOX tank also 
provided sufficient stiffening against slosh loading and slosh motion restraint. 

5. The LOX tank construction chosen was essentially monocoque, although of 
rather unique configuration, and found to provide the least weight as well as an 
obvious low cost association.   Light frame stiffening was added to provide shear 
compatibility between the intersecting cylindrical shells and the center web, as 
well as constraining shape during the manufacturing and transportation phases. 
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6. The intertank adapter construction was sheet metal mechanically attached skin/ I 
stringer/frame and again represents maximum cost effectiveness.  Monocoque 
and frame-stiffened concepts involved too great a weight penalty. 

7. The main shell of the LH2 tank was fabricated from pocket milled plate with longi- 
tudinal blade type stringers and circumferential süffeners providing for mech- 
anical attachment of constant section sheet metal frames.   This construction does 
not have a least cost association.   The use of lower cost approaches, such as mono- 
coque and frame stiffened constructions, involved prohibitive weight penalties. 
Sheet metal stringer/frame details spot welded   to the wall, with or without ad- 
hesive, are not a proven concept for pressure vessels and would require a signifi- 
cant amount of development work, 

8. Optimum pressure scheduling for the LOX and LH2 tanks were determined as 
being maintained lockup pressures of 20 and 30 psiar respectively, until 200 
seconds into the flight time when a 5 psi pressure spike was introduced.   This 
pressure scheduling provided for minimum tankage system inert weight and 
unusable propellant quantities, removal of insulation on the LOX tank, minimum 
insulation thickness (0.5 inches) on the LH2 tank, and removal of booster pumps 
to augment the main pumps of the propellant feed system. 

9. Two costing methods were employed during the program, an analytical and a 
detail estimate method.   These methods did not produce the same total cost for 
the components, but both are thought valid for the purposes for which they were 
employed.   The analytical costing method provides a good basis for tradeoff 
studies and offers good potential for further development as a tool for costing 
preliminary designs.   The detail cost estimating method was found to be very 
time consuming and costly and was also very sensitive to the level of design 
detail involved, and only the equivalent of production drawings was found to 
offer the detail required for the establishment of good cost data. 

10. Review of the total system costs showed the cost of insulating the LH2 tank and 
the cost of the propellant system to represent a large portion, 40.8 and 14.7 
percent respectively, of the total cost.   The high cost of the insulation system 
is due to requirements of installation sequencing, and quality control and assur- 
ance.   No insulation system was found to be truly low cost when employed on a 
production program.   The propellant system high cost is due to the hardware 
items required such as the valves, disconnects, etc. 

11. Cost data on the basis of $/sq.ft. was found to be the only valid relationship that 
can be used as a cost figure-of-merit in tradeoff studies.   Use of a $/lb as a 
cost figure-of-merit leads to completely erroneous conclusions in tradeoff studies, 
since it does not relate to total cost. 
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